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SYNOPSIS

In beer brewing, yeast, mainly of the genus Saahwromyes, is used to convert sugars in cereal-
based extracts to ethanol, carbon dioxide and organoleptic compounds. The process can be
split into three sub processes namely: wort preparation, fermentation and yeast handling, and
post-fermentation treatments (Basson, 1996). The yeast-handling sub-process involves the
removal of yeast from the fermenter (cropping) for re-use after fermentation is complete.
During cropping, yeast is transferred via a heat exchanger, where it is cooled from 14°C to
4°C, to a collection vessel. The cooled yeast is stored in the collection vessel for between 4 to
24 hours after which it is re-used to inoculate the next fermentation. During yeast storage, the
yeast suspension is agitated to maintain suspension homogeneity and prevent the occurrence
of hotspots within the slurry. The vessel is situated in a temperature-controlled room at 4°Cis
operated under anaerobic conditions to hold the yeast in a metabolically inactive state.
Despite these precautions, it is hypothesised that storing the yeast suspension in the YCV can
lead to physiological and mechanical stresses which could have an adverse effect on its
quality.

Although there are two possible stresses operating in the YCV, this study will mainly focus on
mechanical stress. Mechanical stress by agitation can affect the yeast quality by release of haze
forming materials through mechanical abrasion (Lewis and Poerwantaro, 1991). Agitation can
also lead to loss of quality is by a loss of membrane integrity which leads to the release of
extracellular proteases and a loss of viability (McCaig and Bendiak, 1985a). The level of stress
that the yeast cells in a suspension is subjected to is dependent on the intensity and duration
of agitation, the concentration of the suspension, the rheology of the fluid, the physiological
state of the cells and the storage temperature. The objectives of this study are as follows: to

o  (lassify the rheology of yeast suspensions at different concentrations

e  Quantify mixing in a stirred tank reactor

e Link mixing in stirred tank reactors with the rheology of yeast suspensions

» Investigate the effect of agitation on yeast quality indicators such as membrane integrity,
vitality and the amount of haze generated.

e Recommend optimum agitation rate, duration of agitation and storage temperature.

The yeast suspension used in this study was the brewer’s yeast, Saaharomyes cerevisiae SAB 5
which was obtained from the YCV of the SABMiller Brewery in Newlands (Cape Town,
South Africa). The yeast collection vessel is replicated on laboratory scale and the slurry
subjected to varying agitation rates ranging from 200 to 800 rpm (between 0.72 and 2.92 ms’
), using the Rushton turbine and 45° pitched blade impeller types, at cell concentrations of 30
to 70% wet weight and temperatures of 4 and 14°C. Analytical techniques, which quantify
yeast quality, were then used to measure the quality of the agitated yeast. The analytical
techniques used to quantify yeast quality are; methylene blue staining assay for quantification



of viability, protease assay for minor membrane damage, haze analysis for minor cell wall
damage and small-scale fermentation to quantify the metabolic activity of the stressed cells.

In order to have a better understanding of the degree of homogeneity observed in the
laboratory scale YCV, a tracer consisting of 3M KCl was injected as a pulse at time zero and
the conductivity of the resulting mixture observed over a period of time to determine mixing
and circulation times. Mixing time was determined as the time taken at which the conductivity
data had a standard deviation of between 5-10% of the mean.

The following results were obtained:

The rheology of the yeast suspension was found to be dependent on the suspension
concentration. In the lower concentration ranges (< 20% wet weight), the rheology of the
yeast suspension was found to be Newtonian and pseudoplastic in the concentration
ranges above 20% wet weight. The rheograms were fitted with different models and at
yeast concentrations between 20 and 44.0% wet weight, the power law model fitted the
data whereas at higher yeast concentrations (58.0 to 66.3% wet weight), the Herschel-
Bulkley model gave the best fit. The relationship between the apparent viscosity and
suspension concentration was found to be exponential. In conclusion, the nature of the
rheology of the yeast suspension as well as magnitude of the apparent viscosity is a
function of its concentration.

A relationship between the rheology of the yeast suspension and mixing time was
established by investigating the effect of suspension concentration on mixing time. The
relationship between mixing time and yeast suspension concentration was found to be
exponential and so was the relationship between yeast suspension concentration and
apparent viscosity. Hence in the concentration range investigated, the change in mixing
time can be correlated largely with apparent yeast viscosity at agitation rates greater than
0.72 ms™. An investigation into the effect of agitation rate on mixing was conducted over
a range of suspension concentrations. At suspension concentrations below 32% wet
weight, mixing time is independent of agitation rate however, as the cell concentration
exceeded 37% wet weight, mixing time became increasingly dependent on agitation rate.
Of the two impeller types, the Rushton impeller gives better mixing than the pitched
blade.

The effect of the intensity of agitation on yeast quality was investigated and it was
concluded that the more intense the agitation, the more pronounced the loss of viability
and loss of membrane integrity. Subsequent fermentations become less successful if the
impeller speed is increased above 400 rpm and if Rushton turbine is used. The amount of
haze released into suspension has a peak at 600 rpm. This effect was found to be more
pronounced at higher yeast suspension concentrations (> 60% wet weight).



s It wasobserved that the longer the period of agitation, the more pronounced the loss of
yeast quality and this is highly dependent on the concentration of the yeast suspension.

e In order to determine the effect of dilution of the yeast suspension during storage on
yeast quality partially diluted and undiluted yeast suspensions were subjected to
mechanical stress. It is clearly seen from the results obtained that the yeast quality
deteriorates as the suspension concentration of the storage phase increases. The loss of
yeast quality can be attributed to an increase in the number of cells present in an aliquot
of suspension which increased the rate of agitation of inter-particle interactions as well as
areduction in the efficiency of mixing as the concentration increases. Finally, there was
increasing ethanol concentration which is toxic to yeast cells as the suspension
concentration increased.

o As the storage temperature is decreased from 14 to 4°C, the yeast viability increased and
the amount of haze generated decreased. However, yeast growth and metabolic activity
were negatively affected as the temperature was decreased from 14 to 4°C. Finally, the
amount of protease released decreased as the storage temperature increased. The results
show that the yeast cells are more susceptible to damage when cooled at a rapid rate and
over a wider range of temperature.

It is evident from this study that exposure of stationary phase Saccharomyces cerevisiae to
mechanical stress by agitation would lead to loss of yeast quality. It is recommended that the
optimum agitation rate should be 400 rpm (impeller tip speed of 1.44 ms™) using a 11 STR of
standard geometry with the yeast suspension diluted to between 30 and 40% wet weight and
exposure time should not be greater than 4 hours. In the brewery YCV, the equivalent
agitation rate is 48.2 rpm. Future work should focus on using complex impellers such as the
helical ribbon to effect mixing as well as the use of bigger reactors of standard geometry
(scale-up) in order to be able to compare across reactors with different sizes. Other yeast
quality indicators such as the cell surface properties and flocculation and sedimentation
characteristics should also be investigated.
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Introduction 1-1

CHAPTER 1: INTRODUCTION

1.1 BACKGROUND AND OBJECTIVES OF STUDY

In beer brewing, yeast, mainly of the genus Saccharomyces, is used to convert sugars in cereal-
based extracts to ethanol, carbon dioxide and organoleptic compounds. The process can be
split into three sub processes. These are wort preparation, fermentation and yeast handling,
and post-fermentation treatments (Basson, 1996). The yeast-handling sub-process involves
the removal of yeast from the fermenter (cropping) for re-use after fermentation is complete.
During cropping, yeast is transferred via a heat exchanger, where it is cooled from 14°C to
4°C to a collection vessel. The next stage is storage. In this stage, the cooled yeast is kept in
the collection vessel for between 4 to 48 hours after which it is re-used to inoculate the next
fermentation, a process known as pitching. During yeast storage, the slurry is agitated to
maintain suspension homogeneity and prevent the occurrence of hotspots within the slurry.
The vessel is situated in a temperature-controlled room at 8°C. The temperature of the vessel
is maintained at 4°C with a cooling jacket. The vessel is operated under anaerobic conditions
to hold the yeast in a metabolically inactive state.

As a result of the various stresses the yeast cells are subjected to, their quality and hence
performance does deteriorate with time in the brewery. It is reported that the majority of the
brewers discard yeast after using it 7 to 10 times (Boughton 1983, Knudsen 1985). At the
South African Breweries the yeast is re-pitched 6 to 8 times to minimise poor yeast
performance. Possible sources of such stresses could include: agitation, flow through pumps,
pipe reductions and valves, exposure to low temperatures, rate of change in temperature,
disparities in water potential, ethanol stress, budding cycles and depletion of cellular reserve
molecules of yeast in storage (SAB, 1993). Agitation has countering effects on yeast quality:
one is to maintain homogeneity and prevent hotspots and on the other hand, subjecting the
cells to mechanical stress.

Along with other factors, the quality of yeast is an important determinant of the course of
fermentation (Basson, 1996). Improper handling of yeast during the yeast handling process
may result in the loss of yeast quality, which would eventually lead to slow, or incomplete
fermentations or beer of unacceptable quality. The objective of this study is to investigate the
effect of agitation on yeast quality. The yeast collection vessel is replicated on laboratory scale
and the slurry subjected to varying agitation rates and dilution factors. Various analytical
techniques, which quantify yeast quality, are then used to analyse the agitated yeast.
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1.2 THESIS STRUCTURE

A critical review of the literature on the indicators of yeast quality, effect of stresses on yeast
quality and rheology of yeast suspension is discussed in Chapter 2. Special emphasis is placed
on mechanical stress through agitation and how it affects yeast quality. The link between the
rheology of fluids, viscosity of fluids and mixing in stirred tank reactors is also established.

In Chapter 3, the methodology used in determining the effect of agitation on yeast qualityis
given. The methods by which the yeast rheology was measured and the degree of mixing in
the bioreactor was quantified are described. Further, the YCV is compared and contrasted
with the experimental rig. A review of the different methods by which yeast quality could be
assayed are also given in this chapter.

The relevant statistical tools as well as the principles behind them are described in Chapter 4.
The application of these tools to data obtained was shown and the statistical significance of
the results established. The reproducibility of the results obtained was determined and the
errors and confidence limits for certain assays ascertained.

Chapter 5 deals with the determination of the rheology of the yeast suspensions obtained
from the YCV of the Newlands Brewery of SABMiller in Cape Town. The relationship
between the apparent viscosities and the concentration of yeast suspension was established by
using several mathematical models. The mixing and extent of homogeneity in the
experimental rig was quantified and the relationship between mixing time, agitation rates and
suspension concentration established. The extent of homogeneity was also determined asa
function of the type of impeller in use, impeller speed and suspension concentration.

The results obtained from the investigations described in Chapter 3 are reported in Chapters
6,7 and 8. In Chapter 6, the results obtained from experiments conducted to look into the
effect of intensity and duration of agitation on yeast quality. The intensity of agitation was
varied by changing the impeller types and the agitation speed. The experiments were
conducted using a laboratory model of the YCV. Chapter 7 contains the results of the
experiment conducted to establish the effect of dilution (changing suspension concentration)
on indicators of yeast quality. The results obtained from the experiments performed to
ascertain the effect of storage temperature on yeast quality are shown in Chapter 8.

In Chapter 9, conclusions drawn based on the findings of the study as well as
recommendations for future work are reported. Further, recommendations are put forward
with respect to ways by which damage to stationary phase yeast cells can be minimised in
stirred tank reactors.

There are four appendices to the text. Appendix A provides the recipe for the reagents used
in the different assay methods and Appendix B presents the detailed assay methods. In
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Appendix C, the detailed results of the statistical analyses to determine the significance as well
as variations of the data are presented. The raw data and history of the yeast suspensions used

in this study are shown in Appendix D and Appendix E gives the method by which some of
the instruments used were calibrated.
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CHAPTER 2: LITERATURE REVIEW

In this chapter, a critical review of the literature on the indicators of yeast quality, effect of
stresses on yeast quality and rheology of yeast suspension were discussed. Special emphasis is
placed on mechanical stress through agitation and how it affects yeast quality.

2.1 INTRODUCTION

The lager fermentation process at SABMiller involves the use of yeasts to convert sugars to
ethanol (SAB, 1993). After fermentation is complete, the Saccharomyces carlbergensis settles while
Saccharomyces cerevisiae flocculates and is stored in the yeast collection vessel (YCV). Yeast
storage is often neglected and yet it forms an integral part of yeast management and the final
beer quality (Boughton, 1986). The yeast storage and handling area requires very little effort
to operate relative to its importance where yeast quality is concerned in maintaining
fermentation performance. During storage, the yeast is agitated to maintain homogeneity,
kept metabolically inactive by keeping a nitrogen headspace and the surrounding temperature
maintained at 4°C. Storing the yeast suspension in the YCV can lead to physiological and
mechanical stresses which could have an adverse effect on its quality.
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2.2 YEAST QUALITY

The importance of yeast quality cannot be over-emphasised. Final beer quality, taste and
flavour of the beer and re-use of yeast are a few of the many factors that are affected by yeast
quality. Not only does yeast quality affect beer quality but it also has an overall effect on the
economics of the brewing industry. These factors have motivated a study focusing on the
effect of stresses on yeast quality (Basson, 1996; Robinson, 2001 and Nkosi, 2001).

To determine yeast quality, one has to analyse the fermentative capacity of the yeast and the
quality of beer it produces. The following aspects can be used as indicators of yeast quality:

) The flocculation and sedimentation characteristics of the yeast.
) Yeast viability
o The surface properties of the yeast

o The integrity of the cell envelope
® Yeast vitality

2,21 FLOCCULATION AND SEDIMENTATION CHARACTERISTICS

Predicting fermentation performance includes determining the flocculation capacity of the
yeast slurry. It is extremely important to the brewing industry to predict the capacity of yeast
to consistently flocculate following serial re-pitching (Smart et al., 1995).

Although the mechanism of flocculation is not fully understood, it has been shown that
flocculent yeast strains exhibit ‘hairy’ surfaces whereas non-flocculent strains are smooth
(Smart et al., 1995). This ‘hairy’ surface is made up of tiny glycoprotein filaments, called
lectins. Flocculation of brewer’s yeast arises from lectin-like interactions where the protein
binds to the side chains of o-mannan receptors of adjacent cells. Calcium ions also play an
important role in flocculation, as they are specifically required to promote an active
conformation of the surface protein. Sugars are effective inhibitors of flocculation, which
explains the dispersion of the yeast cells after inoculation into the wort with high sugar
content. Flocculation then takes place once the maltose within the wort has been used up.

Flocculation allows for sedimentation to occur thus making it easier for the yeast to be
removed from the fermentation vessel. The onset of flocculation and the rate of
sedimentation is a balance between the ease of yeast removal, and a sufficient length of time
of free yeast suspension so that there is efficient utilisation of wort. Walker (1998) proposed
that the occurrence of flocculation has to happen with precision in timing,. If it occurs too
early, fermentation will cease without all the sugars having being utilised and if too late, the
yeast cells will settle out too slowly leading to problems in downstream processing.
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2.22 YEAST VIABILITY

The attenuation limit of yeast reflects the number of the individual carbohydrates of the wort,
which it may ferment. The rate of attenuation is largely dependent on the number of cells in
suspension and their ability to metabolise and reproduce (Basson, 1996). Yeast viability refers
to the fraction/percentage of yeast cells that are able to metabolise and reproduce in a
suspension. Consequently, yeast viability is an important determinant of its quality as
sufficient biomass growth after inoculation is required to cause an acceptable attenuation rate.
Poor yeast viability results in gradual deterioration in the performance of the yeast in
successive fermentations as well as a gradual reduction of yeast crop. The cell membrane is
linked to yeast viability in that a non-functional cell membrane leads to replicative
deactivation of the yeast cell, which is the first step towards cell death.

The yeast viability can be measured by either quantifying the loss of metabolic activity, loss of
replication or looking at cell damage (Jones, 1987 in McCaig, 1990). Loss of replication can be
measured by the use of direct plate count and slide culture while, the loss of metabolic activity
can be measured by the subjecting the yeast culture to a small-scale fermentation. Finally, cell
damage can be measured by the use of a number of dyes such as the methylene blue, eosin-Y
and the Mg-ANS stains (King et a/., 1981 and McCaig, 1990) to mention a few.

2.2.3 YEAST CELL SURFACE PROPERTIES

Changes in yeast quality can be associated with changes in cell surface properties. Smart ez al.
(1995) concluded that any changes in the cell surface properties would give an indication of
the physiological state of the cell. Subjecting the cell to physiological stress could compromise
its quality. Cell surface properties can be quantified by measuring the surface charge and
hydrophobicity (Smart ez 4., 1995). Cell surface hydrophobicity is believed to be a function of
cell wall component localisation and composition. Hydrophobicity is thought to be
determined by the lipid content and the extent of the mannoprotein phosphorylation of the
outer cell wall (Smart et al., 1995). Saccharomyces cerevisiae cells have negatively charged cell
surfaces due to the phosphate groups in their outer cell wall mannoprotein layers. A
correlation was found between the ratio of nitrogen to phosphate content and the
electrostatic charge. Consequently this ratio is inversely proportional to yeast cell
hydrophobicity (Robinson, 2001). The stability of the yeast suspension is determined by the
charge being carried by the yeast. Other groups that impart charge on the cells are the
carboxyl groups which give a negative charge and the amino groups which are positively
charged under the typical pH conditions of the suspensions (Smart ez 4/., 1995).

Amory & Rouxhet (1988) observed that the hydrophobicity of the top fermenting yeast
strains is greater than that of bottom fermenting yeast strains while Smart & Whisker (1996)
discovered that there are changes in the surface properties during storage and serial
repitching. An investigation into the effect of starvation on cell surface charge and
hydrophobicity of BB5 yeast strain by Smart et /. (1995) indicated a significant reduction in
cell surface charge on starvation although the hydrophobicity indices did not change. Some
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other work done by Smart & Whisker (1996) on the effect of serial repitching on the
hydrophobicity of an ale swain showed thar dhere was no significant change in die cell
hydrophobiciry irrespective of the number of dmes the cell was reused. Robinson (20601)
investigated the difference between the surface properties of anaerobically and aerobically
propagated yeasts and concluded that aerobic propagaden yiedds yeast which is less
hydeophobic and mote nepatively charped.

224 THE CELL ENVELOPE INTEGRITY

An important aspect of yeast qualily is the physical and functional integrity of the cell
envetape. The cell envelope is made up of a tgid cell wall and a plasina membrane, The
membrane 1s sepatated from the cell wall by a periplasmic space {Tuite & Oliver, 1991} The
cell wall is so rigid that somne of dhe enzymes secreted by the yeast cells end up getting mapped
in the periplasmic space (Tudte & Oliver, 1991}, A schematic of the cell wall stacture is
outlined below in [Hgure 2.1.
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Figuee 2.11 Schematic of the yeast cell envelope. Adapted from Walker, {1998)

The cell wall consists of mainoly mannoprotein and glucan, There are other cell wall
constimuents such as chitin and lipid but these are present in relatively seall arnounts. Glucan
is a long twisted chain containing both hydrophilic and hydrophobic sides (Figure 2.2). The
hydrophilic side chain contains hydroxyl groups whilst the hydrophobic side contains
methane groups. The hydrophobic side chains interact with one another and forms a double
heliz; it is this double helix form that describes the ggidity of the yeast cell envelope. Tt has
been predicted that the covalent bonds between mannoprotein and gluean and hydrophobic
nteractions between mannoproteins gives the mner cell wall its structare. In other words, a
change in the amount of mannoprotein in the veast suspension from which yeast has been
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removed will give an indicalion of cell wall integrity (Basson, 1996} An increase in the
amount of mannoprotein released indicates Increase in cell damage.
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Frgure 2.2: Gluean structure, Adapted from Lewmunity Information Network {2003}

Loss of cell membrane integrity results in the release of intracellular compounds into the beer,
which has an effect on itz quabty (McCaig & Bendiak, 1985b), These compounds affect the
flavour characterisucs and the clarity of the beer by forming beer hares (O'Connor-Cox,
1294). The haves formed can affect the filierability of the beer because of the increase in the
concentration of fine particles {Siebert ¢f af, 1987). The fermanon of beer hazes is associated
with the release of glucan, mannoprotein and the enzymes inveriase and melibiase from the
cell wall (Lewis and Poerwantaro, 1991}, Depending on the ralio of prolcin to carbohvdrate in
the haze matetial, the orgin of the matcrial can be determined 1.e. whether it is from the cell
wall, the cell contents or barley (Siebert o 4, 1981). This gves an indication of whether the
cell envelope disrupuion is partial or complete. Sichert ¢ 24 {1981} found that the amount of
haze in yeast slarty can be measured by partidcle size distnbution. Other compounds that are
released as a result of loss of cell wall inteprity are proteases. Release of protease has a
negative effect on the foam stability of beer (Ormrod & 2, 1991}

2.2.5 YEAST YITALITY

Daoud and Searde (1986} defined vitality is a messure of the physiolepical state of veasw I is
important that veast vieality is assessed before the yeast can be used in fermentation. In the
brewery, yeast vitlity is quandfying by messuting its viabilitn. Daoud and Scatle (1986)
quantified veast vitality by measuring the specific oxvgen uptake rate and they concluded that
there is a direct relationship between fermentation performance and veast viality. A change
in the physiological state of yeast can result from either a change in the metabolic pathways
leading 1o comprrmised beer flavours or changes in metabolie rates and biomass growth,
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Figure 2.3: Embden-Meyerhol-Parmas pathway. Adapred lrom Walker {1998}

During fermentation, yeasts convert sugars such as maltose and sucrose firstly to
monosaccharides (glucose), then o pyruvic acid and finally to carbon dioxide, energy and
ethanol. This metabolic pathway by which glucose is converted to ethanol as shown in Figure
2.3 is known as the Embden-Meyerhol Parmas (EMP) pathway. Aside [rom these prinerpal
praducts, other minor products such as fusel aleohols, esters, organic acids and aldehydes are
also formed (Walker, 1998). Examples of these minor products that are regularly monitored
in beer to assess its flavour profile are: acetaldehyde, sulphur dioxide and driacetyl.
Acetaldehyde is formed [rom the interaction between pyruvate and pyruvate carboxylase,
sulphur dioxide is formed from the biosynthesis of cysteine and methionine while, diacetyl is
formed from the metabolism of amine acids. These sunor products vary depending on the
yeast strain and culture conditions and they contribute to the beer flavour (Walker 1998), The
presence of these compounds in excessive amounts will cause an undesirable beer flavour. In
a study by Pickerell eral (1991}, the effect of veast handling on beer flavour was investigated
and 11 was concluded that adverse yeast handling resulted in high levels of diacetyl and
sulphur dioxide at the end of fermentation. High temperature, prolonged yeast storage,
bacterial contamination and the cell concentration are some of the factors that affect diacetyl
production.

Anaerobic fermentation in the brewing process involves the conversion of maltose to ethanol
and carbon dioxide. From the stoichiometric equation of this process, the yield of ethanol an
maltose should be 48.8% but it usually 15 less than that becanse of the accumulation of
storage products such as trehalase and glycogen, the Initial aerobic growth of yeasts and
ethanol inhibition. During aerobic growth, stored glycogen (s metabolised in the presence of
oxygen lo sterols, unsaturated fatty acids and energy (Pickerell ef «l., 1991). The energy
praoduced as a result of this metabolism is used for maintenanee and growth (Walker, 1398).
This implies that the rate ol yeast metabolismis affected by tnitial glycogen concentration and
the amount of oxygen present in wart (Pickerell e all, 1991},
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2.3 POSSIBLE STRESSES ON YEAST

The yeast cropped and entering the yeast handling circuit is in the stationary phase and in a
harsh environment containing minimal nutrients as well as high ethanol concentrations. In
storing the yeast suspension, certain conditions such as the exposure to oxygen, the storage
temperature and the effect of nutrients and ethanol need to be taken into account.
Furthermore, the potential for cumulative stress effects owing to prior stresses generated by
flow conditions, cooling rates and yeast history need to be considered. There is a close
interrelationship between all the physiological stresses (Walker, 1998). This implies that cells
that have been previously stressed by a certain physiological stress may be more sensitive and
easily damaged by another physiological stress. Increasing our knowledge on biological
response to stress may also allow such responses to be used to build enhanced yeast
resilience.

2.3.1 OXIDATIVE STRESS

Oxygen is a chemical that can stress the cells especially during aerobic growth (Walker, 1998).
Other effects of oxidative stress include damage to the proteins, lipid and DNA (Walker,
1998). Should a yeast cell be subjected to oxidative stress, certain antioxidant chemicals and
enzymes are able to detoxify any active oxygen. An example of such antioxidants is
glutathione which destroy oxygen radicals and thus provides a redox balance for yeast cells.
Walker (1998) states that a practical way of preventing oxidative stress is to store yeast cells
under an inert gas such as nitrogen. There is a close relationship between heat-stress and
oxidative stress (Jamieson, 1992 in Walker, 1998). The presence of oxygen leads to an increase
in the metabolic activity of cells which subsequently leads to increased temperature and
depletion of internal energy reserves such as trehalose and glycogen (O’Connor-Cox, 1994)

2.3.2 TEMPERATURE STRESS

Growth and metabolic activity of yeasts at various temperatures is a function of the genetic
background, composition of the medium and other growth parameters (Walker, 1998). Yeast
quality will rapidly deteriorate to death and cause autolysis of the cells if it is stored at a high
temperature allowing metabolic activity under starvation conditions (Smart ez a/, 1995).

Prior to storage at 4°C, the yeast suspension is cropped and cooled to between 2 and 4°C as
quickly as possible. The temperature is not allowed to fall below 0°C as freezing can easily
result in cell death owing to ice crystal formation. The purpose of the yeast collection vessel is
to store yeast under conditions such that the yeast is inactive and does not undergo
physiological stress, which would result in loss of yeast quality. The temperature at which the
yeast is stored and its previous cooling history affect the yeast quality. Nkosi (2001)
demonstrated that yeast subjected to rapid cooling (2 - 4°C/s) resulted in greater stress with
simultaneous damage to the cell envelope (fragility) and loss of yeast vitality as compared to
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that cooled slowly (1°C/h). Similar trends were observed for yeast cooled to 4°C over that
cooled to 12°C.

2.3.21  High Temperature Stresses

Heat affects the cell physiology by disrupting hydrogen bonds and the hydrophobic
interactions in the cells. Consequently, the proteins and nucleic acids present in the cells
become denatured. Table 2.1 shows some of the effects of high temperature stress on cell

physiology.

Table 2.1: Effects of high temperature stress on cell physiology. Adapted from Walker,

(1998).

Physiological function Comments

Cell viability At the highest growth temperature of many types of yeast, there is
appreciable cell death. At supramaximal growth temperatures, thermal death
rate is exponential.

General cell morphology Atypical budding, irregular cell growth and increased cell size

Cell division and growth Growth of non-thermotolerant yeasts inhibited at temperatures >40°C.

Actively dividing cells in S-phase are more thermosensensitive compared
with resting cells. Heat shock transiently arrests cells in G1 phase of the cell

cycle.

Plasma membrane structure/
function

Cytoskeletal integrity
Mitochondrial structure/
function

Intermediary metabolism
Protein synthesis

Chromosomal structure/

function

Increased fluidity and reduced permeability to essential nutrients.

Decrease in unsaturated membrane fatty acids

Stimulation of ATPase and RAS-adenylate cyclase activity

Decline in intracellular pH

Extensive disruption of filaments and microtubular network.

Decrease in respiratory activity and induction of respiratory-deficient petite
mutants

Abnormal mitochondrial morphology

Inhibition of respiration and fermentation above T

Immediate increase in cell trehalose following heat shock

Repression of synthesis of many proteins but specific induction of certain
heat-shock proteins.

Mitochondrial protein synthesis more thermo labile than cytoplasmic.
Increased frequency of mutation of mitotic crossover and gene conversion.

Inefficient repair of heat damaged DNA.

A phenomenon known as thermotolerance has been defined as the temporary ability of cells
subjected to high temperatures to survive subsequent lethal exposures to high temperature
(Walker, 1998). Understanding the meaning of thermotolerance will help to conveniently
explain high temperature stress. Walker (1998), stated that yeast thermotolerance increases to
a maximum when the external pH reaches 4.0 while stationary phase yeast are less sensitive to
heat and other stresses compared to cells growing rapidly in a glucose-rich medium. When
yeasts are exposed to high temperatures, they show a rapid molecular response known as the
heat-shock response (Walker, 1998). The proteins that are synthesised as a result of heat-
shock response are known as heat-shock proteins (Hsps). Hsps are involved in the
degradation of stress-damaged proteins by enhancing the flow of substrates through
proteolytic pathways. Hsps are not only synthesised during heat-shock but can also be
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induced by ethanol and heavy metal ion stresses (Walker, 1998). Aside from heat-shock
proteins, other protective compounds are synthesised as a result of heat shock such as
trehalose (Estrusch, 2000). Iwahashi et al. (1995) reported that trehalose acts as a
thermoprotectant by increasing the thermal stability of yeast cellular proteins and stabilising
the cell membranes. Temperature stability by trehalose is attained by the formation of a
hydration protection layer around the proteins.

23.2.2  Low Temperature Stresses

The mechanism by which yeasts cells are stressed as a result of low temperature stress is still
unclear (Walker, 1998). However, low temperature stress causes yeast cells to shrink
uniformly and an increase in the polyunsaturated membrane fatty acids. The increase in
membrane fatty acids leads to a decline in solute transport. Walker (1998) also stated that the
low temperature stress leads to formation of leaky membranes, vacuolar damage and
consequently splitting of vacuoles. Not only is the cell morphology and integrity affected, its
fermentative performance is also compromised and expression of specific proteins induced.
Fargher and Smith (1995) showed that applying low temperature stress to brewing yeast
strains prevents budding and leads to the re-arrangement of the vacuoles. The yeast strain in
the study by Fargher and Smith (1995) was exposed to cold shock at 4°C. Komatsu et al.
(1990) used Saccharomyces cerevisiae cells that had been exposed to hear shock at 43°C for 30
min before freezing in liquid nitrogen and thawing to prove that heat shock increases cell
viability. The rationale for this is that the hsps induced during the heat shock protected the
cells by increasing hydrophobic interactions within the cells and forming stable
macromolecules. McCaig and Bendiak, (1985b) investigated the effect temperature of storage
on yeast samples under beer for 6 days. The storage temperatures used in this investigation
are 1,5, 10, 15, 20 & 25°C. They concluded that pitching yeast stored at temperatures above
5°C, perform poorly in subsequent fermentations by having a longer lag phase, poor rate of
attenuation, higher final pH values and lower alcohol yields. The rationale given by McCaig
and Bendiak, (1985b) for this poor performance is that the elevated temperatures accelerate
the metabolism of the yeast cell resulting in the consumption of stored internal reserves.

2.3.3 NUTRIENT STRESS

The presence of sugar substrate and nutrients such as amino acids at moderate temperatures
promotes cell growth. The lack of nutrients can result in cell starvation. Studies carried out
investigating the effect of nutrient starvation showed that it affected yeast quality (Smart etal.,
1995). It was observed that starved cells were less flocculent in beer and that the cell surface
topography was changed. The cell surface charge was also affected as starved cells were found
to be less negatively charged when compared to non-starved cells. The only surface property
that was not affected by starvation was hydrophobicity. When yeast cells are starved, the
amount of stored internal reserves such as trehalose is increased (D’Amore, 1991). The
function of trehalose in this case is to act as a protectant against nutrient stress.
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2.3.4 MECHANICAL STRESSES
Fluid forces exerted on the yeast cells in the YCV are affected by the:

e rate of agitation (impeller speed)
e apparent viscosity of the fluid

e bubble disengagement

e impeller design and

o tank geometry.

In Table 2.2, a summary of the factors determining the sensitivity of microorganisms to shear
1s given. Under typical agitation conditions, cells encounter two types of shear forces. Due to
fluctuating velocity components caused by turbulence close to the impellers, the cells
encounter fluctuating forces (Reynolds stresses). However, in the bulk of the reactor, they are
exposed to laminar shear forces due to gradients in the flow (Metzner and Otto, 1957).

Table 2.2: Factors affecting shear sensitivity. Adapted from Chisti (1999)

1. Type of cell and species

Composition and thickness of cell wall when present

Size and morphology of cell

The intensity and nature of shear stress.

Growth history (both short-term and long-term adaptation), environment,
rate and stage

6. Type and concentration of shear-protective agents if present

LA

Dunlop et al. (1994) carried out a study where the sensitivity of a plant cell culture to fluid
forces in a stirred bioreactor was assessed by shearing the cells under both laminar and
turbulent conditions. The plant cells used in the study by Dunlop et al. (1994) were Daucus
carota, Petunia Mitchell and Glyceine soya grown in MS basal media. The biological parameters
measured were re-growth ability, mitochondrial activity, aggregate size and lysis. The shear
stresses were increased from 0.5 to 10kPa under laminar conditions and imposed for an
exposure time of between 1 and 60 minutes. The viability of the cells was completely
destroyed at a shear stress of 0.1kPa and an exposure time of 10 minutes, while the
membrane integrity was not affected. However, a shear stress of 10kPa and an exposure time
of 60 minutes damaged the plasma membrane significantly and caused cell death.

The turbulent conditions were attained by using impeller speeds ranging from 32 to 1000rpm
and exposure time from 1 to 240 min. Under turbulent conditions at low agitation speeds of
32 - 512 rpm and an exposure time of 4 hours, the mean aggregate size was not affected but
increasing the speed to 1000 rpm and an exposure time of 60 minutes led to a decrease in the
mean aggregate size. These results show that fluid-mechanical sensitivities are highly
dependent on the intensity of the forces. Increased fluid shear forces are therefore able to
cause damage to organelles (mitochondria), reduce cell viability, destroy the cell membrane,
reduce flocculence (mean aggregate size) and cause cell death (lysis).
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Generally yeast cells are quite robust and not easily damaged by mechanical stress because of
the thickness of their cell walls (Walker, 1998). The resilience of yeast cells is emphasised by
the severity of the mechanical stress needed to rupture the cells in order to extract cell
components.

In a study by Lamaignere (2002), growing yeast cells (Saccharomyces cerevisiae) were subjected to
agitation in a stirred tank slurry bioreactor in the presence of inert particles (0 - 5% volume
fraction). A Rushton turbine was used at impeller speeds of between 460 and 850 rpm
(impeller tip speeds of 1.92 - 3.52 ms™). It was discovered that viability and the metabolic
activity of the cells decreased at impeller tip speeds exceeding 2.48 ms™ and that the cell
damage became more pronounced if the volume fraction of inert particles is increased.
Finally, there was severe cell envelope damage at high agitation rates. Consequently,
Lamaignére (2002) concluded that the most favourable agitation rate for yeast growth isatan
impeller tip speed of 2.33 ms™ in the presence of 1% by volume of inert particles.

2.3.5 ETHANOL STRESS

Ethanol is one of the products of the fermentation process, however, this chemical can also
be inhibitory to the cells if present in a high concentration. During cell growth, ethanol acts as
a non-competitive inhibitor at low concentrations (Walker, 1998). D’Amore et 4l., (1990)
observed that as fermentation progresses, the intracellular ethanol concentration increases but
since ethanol diffuses quickly across the cell membrane, it is not accumulated in the cells.
Ethanol affects the cell viability and growth by inhibiting cell division (Walker, 1998). Ethanol
toxicity can lead to the induction of heat shock-like proteins and increase the oxygen radicals
which enhance cell ageing. Subsequently, the oxygen radicals increase membrane fluidity and
compromise membrane structural integrity (Walker, 1998). The inhibitory effect of ethanol is
enhanced by a number of factors such as high temperature, nutrient limitations such as Mg?*
(Birch and Walker, 2000) and other metabolic products. Yeast cells adapt to ethanol stress by
altering their membrane fluidity, increasing the catabolism of ethanol, biosynthesis of stress
proteins and increase membrane unsaturated fatty acids (Walker, 1998). Unsaturated fatty
acids have the advantage of being ethanol tolerant (Mizoguchi and Hara, 1997). Walker (1998)
suggested that the stress proteins act in a damage-repairing role rather than a protective role.
Just like in the case of temperature stress, there is an elevated level of cellular trehalose
observed in ethanol stressed Saccharomyces cerevisiae (Walker, 1998). Osmotic pressure, media
composition, modes of substrate by-product formation are some of the factors that dictate
ethanol tolerance in yeast cells (Walker, 1998). Ethanol stress is possible in the YCV if the
yeast had not been washed or diluted to reduce the residual ethanol concentration before it
enters the YCV. In a study conducted by Birch and Walker (2000) on the influence of Mg**
on heat shock and ethanol stress responses of Saccharomeyces cerevisiae, they found that Mg?*
enhanced yeast cultures were able to withstand lethal heat and ethanol stresses and maintain
high viabilities.




Literature Review 2-12

2.4 RHEOLOGY OF THE YEAST SLURRY

The temperature and duration of storage are factors that need to be carefully controlled to
ensure that the quality of yeast is not compromised (McCaig and Bendiak, 19852, Knudsen,
1985). However, the rate of cooling in a vessel is dependent on a number of parameters such
as the yeast rheology, the method by which cooling is effected, the presence of agitation, the
shape and geometry of the vessel. The yeast suspension is a fluid of great complexity, as it
comprises of three phases (Lenoél et l., 1987):

o the liquid phase, which is the beer.
e the solid phase comprising of the yeast cells
e the gas phase which is usually carbon dioxide.

The rheology of the yeast suspension is highly dependent on the suspension concentration
and it can exhibit both Newtonian and non-Newtonian rheology. Its complex nature results
in a viscosity which is dependent on yeast concentration, floc size distribution, shear rate,
duration of exposure to shear, temperature, pH, osmotic pressure and gas phase present
(Reuss et al, 1979). In order to select and size equipment and to gain an understanding for the
forces that are experienced by the yeast cells, one has to have an appreciation of the
suspension rheology.

2.4.1 VISCOSITY OF SUSPENSIONS

Apparent viscosity is a function of the shear rate and the zone (in the vessel) under
consideration. The shear rate can be predicted by the impeller speed; therefore it is very
important to be able to predict the viscosity of the yeast at different shear rates. The
Newton’s Law of viscosity shown below describes the relationship between apparent

viscosity, p and shear rate, 7.

Firstly,
U= —f— Equation 2.1
e
where: T = shear stress (N/m?)
Y = shear rate (/s)
M = apparent viscosity (Pa.s)

Fluids have been classified depending on their relationship between the shear stresses and
viscosities. Newtonian fluids exhibit viscosities that are independent of the shear rate.
However, non-Newtonian fluids have viscosities that are dependent on the shear rate. Shear
dependent non-Newtonian fluids have been classified into Bingham plastics, pseudo-plastics,
dilatant and Casson plastic. Pseudo-plastic fluids have a viscosity that decreases as the shear
rate increases making them shear thinning in nature (Table 2.3). However, the viscosity of
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dilatant fluids ncreases with increase shear stress or rate, Most biological fluds are pseudo-

plastic in nature (Doran, 1995).

Table 2.3: Classification of fluids based on their theology. Adapted from Doran (1995}

pes

Newtontan, pseudoplastic and dilatant fluids are grouped as power law Hnds. The rheologreal
cquatton of state for any power law hiqund is given by:

s B I quarton 2.2
¥
where: K = consistency index
1 = flow behaviour index

In the case of pscudo-plastics or shear thinning thads, <1 and the apparemn viscosiy
decreases with increasing shear rates. However, the reverse is the case [or dilatanis or shear
thickening fluids, For Newtontan fluids, n s unity. Bingham plastee fluids are tluids that have
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to overcome a certain shear stress (t,) before any motion is produced. These fluids will then
behave like a Newtonian fluid once the yield stress is exceeded. Equation 2.3 shows the
equation describing the relationship between the shear stress and shear rate for Bingham
plastic fluids.

r=7,+Kp e — Equation 2.3

Similarly, Casson and certain pseudoplastic fluids need to overcome a certain shear stress
prior to motion. Beyond this, they exhibit shear-thinning behaviour. The Herschel-Bulkley
equation describes the rheology of these pseudoplastics (Equation 2.4) while Equation 2.5
describes the rheology of Casson fluids.

r=7 + K" Equation 2.4
T ¢ 2 S— —_— Equation 2.5

Apart from being shear-dependent, fluids can also be time-dependent. Examples of such
fluids are rheopectic fluids in which apparent viscosity increases with time and thixotropic
fluids whose apparent viscosity decreases with time. Examples of cultures that exhibit
thixotropic behaviour are fungal mycelia and extracellular microbial polysaccharides (Doran,
1995),

The shear rate can be expressed as a function of n and k; (Chisti, 1999):

k & o N E ion 2.6
= K. b4 JE—— f10 R
Vv ; [3’2 > lj guation

where k; is dependent on the impeller type used to effect mixing and N is the impeller speed.
The k; values for different impellers are shown in Table 2.4.

Table 2.4: The k; values for different impellers. Adapted from Chisti (1999)

Impeller ks
Six-bladed disc turbine 11-13
Paddle impellers 10-13
Propellers ~10
Helical ribbon impellers ~30

The shear stress and apparent viscosity at different shear rates can be measured by the use of
a viscometer and the values of the flow index of the fluid can be applied to any stirred-tank.
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2.4.2 VISCOSITY OF YEAST SUSPENSIONS

Yeast suspension exhibits a pseudo-plastic rheology at dry matter content greater than 40%
pressed yeast (as estimated by the Buchner test) and thinner yeast suspensions have a
Newtonian rheology (Lenoél er al, 1987). Rudi$ er 2/ (1976) investigated the relationship
between the suspension concentration of yeast (Saccharomyces cerevisiae) and viscosity in the
range of 0 to 10% wet weight and they concluded that the rheology of yeast suspension is
Newtonian within that range. Furthermore, they suggested an empirical formula that relates
viscosity to suspension concentration and temperature. This formula is given in Equation 2.7.

4 =1.6758—-0.02816T +3.27*10°C’ -3.128*10°CT ~——— Equation 2.7

H viscosity (mPa.s)
T - temperature (°C)
C suspension concentration (g/1)

where:

$

Other equations that have been shown to describe the relationship between the viscosity of
yeast suspensions and its concentration are the Vand and Einstein equations (Reuss ez al.,
1979). The Einstein equation (Equation 2.8) is only valid for suspensions with volume
fractions less than 4% while the Vand equation (Equation 2.9) is applicable to suspensions of
higher volume fractions. Since the volume fraction of cells in the YCV is much greater than
4%, Einstein’s equation is not applicable.

u=p (1+256,) — Equation 2.8

=4, (1+2.56,+7256,) ——  Equation 2.9

Reuss et al. (1979) proposed a hyperbolic relationship between the volume fraction of the
suspension, osmotic pressure, suspension viscosity and the viscosity of the supernatant
(Equation 2.10).

V73 .
= 2 Equation 2.10
y7a —(her ) quation

where: b, is a function of the osmotic pressure
r depends on the morphology of the yeast.

In the study by Reuss et 4l. (1979), the osmotic pressure of the yeast suspension was varied by
suspending the yeasts first in NaCl solution and later in arabinose solution. Since the ionic
concentration of the yeast suspension in the YCV rarely varies, the equation obtained by
Reuss et al. (1979) is not applicable.
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2.5 AGITATION

The importance of mixing in the chemical industry cannot be overemphasized. In industry,
agitation is provided in a tank for the following purposes: to blend liquids, suspend solids,
maintain homogeneity, ensure mass and heat transfer and disperse gas or vapour. Agitation is
even more important in biochemical industries where the microorganisms need good oxygen
dispersion and temperature distribution to maintain viability and vitality. In the yeast
collection vessel, the purpose of agitation is to maintain homogeneity, suspend solids and
ensure heat transfer.

Following a rigorous search of the literature the limited amount of information available on
mixing in bioreactors is noted. This limitation is most likely due to the complex rheology of
fermentation broths. For example, the yeast collection vessel has three states present: solid,
liquid and gas. As mixing commences, the amount of gas in the slurry changes and,
consequently, so does its apparent viscosity. The yeast collection vessels are operated in the
laminar region, because of the high viscosity of the yeast slurry. Diluting the yeast cream from
approximately 60% down to 40%, 30% and 20% solids (on a wet basis) is accompanied by
concomitant changes in apparent viscosity with concentration.

Bryant (1977) postulates that the more difficult aim to achieve when mixing is the reduction
of temperature gradient i.e. enhancement of heat transfer rates rather than a reduction in
concentration gradient. One question posed by Bryant (1977) is whether fermenters or
bioreactors should be designed in such a way that every microorganism experiences the same
environment or should these variations be recognised or accepted in the design. On a small-
scale, the spatial variation could be ignored but with scale up of the reactor, these variations
become magnified.

In a study conducted by Lewis and Poerwantaro (1991) on the agitation of yeast suspension,
it was discovered that agitation results in the release of haze material. The yeast strain used in
this case was a brewer’s strain of Saccharomyces cerevisiae with a dry weight concentration of 10
g/1 (~4% wet weight) which was agitated at 300 rpm by the use of a mechanical shaker at
20°C for 5 min. They concluded that the amount of haze released is independent of the
temperature of agitation (10 and 30°C) and intensity of agitation (200 and 300 rpm) but
dependent on the duration of agitation and pH of the medium. They also observed that cells
in the stationary phase were more susceptible to haze release rather than growing cells. Since
the yeast cells in question are in the stationary phase, this implies that they are susceptible to
cell wall damage and subsequently, haze release.

The extent of agitation in a tank is however dependent on the type of impeller, impeller
dimensions with respect to tank geometry, impeller speed and subsequently the amount of
power drawn. The use of baffles and residence time are also factors to be taken into
consideration. Each of these factors is discussed in detail below.
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2.5.1 IMPELLER TYPE AND FLOW PATTERN

The types of impellers available can be classified based on the flow pattern they produce and
the range viscosities of the fluid to be mixed (Zlokarnik and Strasse, 2002). Classifying
impellers based on flow patterns, there are three categories: radial-flow, axial-flow and close-
clearance impellers (Perry et al., 1998). Radial flow impellers project fluid radially (asthe name
implies) towards the wall of the vessel (Figure 2.4). Their blades are parallel to the axis of the
shaft and they may either be curved or flat bladed (Perry et 4l., 1998). Examples of such
impellers are turbines and paddles. Axial flow impellers on the other hand pump fluid upward
or downward and each blade forms an angle of less than 90° with the plane of rotation
(Figure 2.5). Examples are propellers or hydrofoils and pitched blade turbines (Perry et 4l.,
1998). Finally, close-clearance impellers operate close to the tank wall and are well adapted to
viscous fluids (Perry et 4l., 1998). Examples are anchor and helical impellers. Classifying
impellers based on the range of viscosities of fluids they can effectively mix, there are three
categories: low, medium and high viscosity impellers (Zlokarnik and Strasse, 2002). Low-
viscosity impellers are turbines and propellers and they are useful for mixing fluids with
viscosities less than 500 cP while medium-viscosity impellers such as the blade and grid
impellers are useful for mixing fluids with viscosities between 500 and 5000 cP. Anchor and
helical ribbon impellers are high-viscosity impellers and suitable for fluids with viscosities
greater than 5000 cP.

Of all the impeller types mentioned above, the close-clearance flow impellers provide a better
mixing in highly viscous fluids (Zlokarnik and Strasse, 2002). It must be noted however that
these are likely to cause the most damage to the yeast cells because of the high shear
environment that they offer. Of the radial and axial flow impellers, the turbines give a higher
shear environment for the fluid to enhance heat and mass transfer and provide better
circulation (Coulson et al., 1999). The axial flow impellers are used in cases where low shear
and good homogeneity in low viscosity fluids are required (Coulson et 4l., 1999). Pitched blade
turbine is used for high axial circulation and it provides a lower shear environment than the
radial flow impeller. The axial flow impellers also draw the less power than the radial flow
impellers (McCabe ez 4l., 2001).
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Figure 2.4: Flow pattern produced by Rushton turbine in a baffled tank. Adapted from
Rushton ¢z 4/ (1950a)
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Figure 2.5: Flow pattemn produced by a pitched blade impeller in a baffled tank. Adapted from

Rushton ¢ a/. (1950a)
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2.5.2 IMPELLER SPEED AND FLOW CHARACTERISTICS
The higher the impeller speed, the more turbulent the flow becomes. The extent of
turbulence is shown by the value of the Reynolds number, Ny, where:

2
Ng, = D'Np Equation 2.11
M

where: D = impeller diameter (m)
N = impeller speed (rps)
P
K

= fluid density (kg m™)
- fluid viscosity (Pa.s)

The Reynolds number is proportional to the impeller speed hence in the absence of other
variations, the higher the impeller speed, the higher the Reynolds number and the closer the
fluid motion is toward turbulence. In a mixing tank, flow is in the turbulent region when N,
> 1000 (Robinson, 2001) and in the laminar region when Ny, < 10 (Doran ez 4l., 1998).
Transition region is the intermediate region between the turbulent and laminar regions. Flow
is in the transition region when flow is turbulent near the impellers but laminar in other
regions in the tank (Perry et al., 1998). Further, for pseudoplastic fluids, flow is in the
transition region when Reynolds number is about 40 (McCabe et 2/ 2001).

Power consumed by an impeller is a function of the impeller type, size, speed, the physical
properties of the fluid, aeration rate and vessel geometry (Oldshue, 1983). In the laminar
region, the power requirement is directly proportional to viscosity meaning that mixing of
highly viscous Newtonian suspensions have high power requirements. However, in the
turbulent region, power requirement is independent of viscosity but is a direct function of
fluid density. The Reynolds number may be correlated with the power number (for vessels of
similar geometry). In the study done by Rushton ez al. (1950b) on the effect of several
geometrical parameters on power requirements, it was discovered that both the impeller
diameter to tank diameter ratio and the fluid depth to tank diameter ratio for turbines did not
have an effect on the power requirements However, increasing the impeller clearance to
impeller diameter ratio increases the power requirement for a disk turbine and decreases the
power requirement for a pitched blade impeller. According to McCabe ez 4l. (2001), the shape
of the tank has little effect on the amount of power drawn by the impellers. However, the
shape of the tank affects the circulation patterns and thus the mixing time.

The power number, N; is calculated as follows:

p = I: ; Equation 2.12
PN D
where: N; = Power number

P = Power dissipated by impeller (W)
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In comparing the power requirements in mixing a Newtonian fluid and a pseudoplastic fluid,
it can be concluded that pseudoplastic fluids consume less power in the range of Reynolds
number between 10 and 100 (McCabe et al. 2001). However, there is no difference in the
power requirements of both systems in the laminar and turbulent regions. In the laminar
region, viscosity 1s a determining factor of power requirements meaning that operating the
YCV when the suspension concentration is high (> 60%) will lead to a system that has high
power requirements. However, in the turbulent region, the suspension density will be very
important.

2.5.3 DIMENSIONS

The dimensions of the impeller are also a determining factor as to the extent of agitation.
Impellers having a diameter greater than half the tank diameter are good at avoiding stagnant
regions in highly viscous fluids and also provide improved mixing times allowing the
enhancement of homogeneity throughout the tank (Perry ez al., 1998). A high impeller-to-tank
diameter also helps to promote heat transfer because they provide a larger surface area for
heat transfer (Blanch and Clark, 1997). Small-diameter impellers also have their uses (these are
impellers with diameters less than a third of the tank diameter). They are useful for promoting
mass transfer, gas dispersion in slurries and rapid mixing of dry particles into liquid. Thus, the
reason for operating a standard mixing tank at an impeller diameter-to-tank diameter ratio of
1/3. The higher the ratio of the impeller diameter-to-tank diameter, the greater the shear
stresses in the tank because the stagnant regions near the tank walls are now exposed to

agitation.

2.5.4 BAFFLES

The presence of baffles helps to increase the intensity of agitation. The agitation in a baffled
tank is more vigorous than that of an unbaffled one irrespective of the fluid viscosity. The
vortex that is experienced in unbaffled tanks is eliminated by the use of baffles in large tanks
and by mounting the impeller off centre (McCabe ez al., 2001). Baffles are not needed for
fluids with viscosities less than 10 000 cP (McCabe et 4l., 2001). Rushton ez al (1950b)
quantified the value of the Reynolds number at the inception of vortex as 300. The fluid
forces will be balanced as the presence of baffles also produce some shear force at the walls
of the vessel. Since baffles intensify agitation and consequently shear stress, it is expected that
the presence of baffles would lead to even further deterioration of yeast quality on agitation as
well as reduced vortex due to the rheology of the yeast. Vortex reduction provides a positive
effect since it reduces gas entrainment. Baffles generally change the mixing pattern in a tank.
It must be noted however that in laminar region, the same amount of power is consumed
whether baffles are present or not (Rushton et al, 1950).
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2.5.5 HEAT TRANSFER

The fluid mechanics of the film at the mixer side of the tank defines the heat transfer at the
surface to a greater extent than the behaviour at the impeller zone (Perry ez 4l, 1998). The
heat can be transferred to a vessel in a number of ways, which include using: jacketed tanks,
helical coils, heating coils that act as baffles or even heat exchangers. The helical coils can
either be outside or inside the vessel. One of the major advantages of internal helical coils is
that they present a larger surface area for heat transfer (Blanch and Clark, 1997). The major
consideration of the heat transfer obtained is the fluid flow achieved. The complex impeller
usually gives more flow for given power levels than that the axial or radial impellers, resulting
in better heat transfer. This is true to a limited degree for jacketed tanks but with internal
coils, the type of flow exhibited makes the first and second turn in the coil blank off flow
from the turns above it (Perry et al, 1998). As a result, the increased flow from this impeller
does not aid heat transfer. The heat transfer coefficient will give an indication as to the
resistance being encountered in a stirred tank and this can be calculated from:

~0.14
BT 035 NP NP (MJ N;! ————  Equation 2.13
k Fou
where: hy = convective heat transfer coefficient (W/m2K)
T = tank diameter (m)
k = thermal conductivity for the fluid (W/m.K)
Kot = fluid viscosity at vessel wall (Pa.s)

Moy = fluid viscosity in the bulk (Pa.s)
Nege = Reynolds number for the tank (Equation 2.6)

c
Np, = Prandl number = [ad
2
N = Froude number = DN
‘ g

The specific heat capacity of the yeast slurry is approximated to be equal to that of water. This
is because yeast biomass consists of 70% water (Walker, 1998). In a case of a highly
concentrated suspension with a complex rheology, the heat transfer is influenced by the
apparent viscosity near the vessel walls rather than the bulk viscosity (Blanch and Clark,
1997). Lenoél et al (1987) suggest that the time taken for the fluid in the middle of the vessel
to reach the temperature at the vessel walls (in the case of jacketed vessels) is proportional to
the square of the diameter of the vessel. This implies that the bigger the vessel, the longer
time it takes to reach homogenous temperature. Calculating the heat transfer coefficient is
very important in determining the effectiveness of the heat transfer in the YCV and
experimental rig and consequently predicting the source of damage in these vessels.
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2.5.6 MIXING TTME
Mixing tme is defined as the ime taken for the concentration of a matetdal to be blended in 3

vessel to reach a degree of uniformuty following addition of a perturbation such as addition of
a tracer. It has been defined for a uniformity of 66.7, 95, 99 and 99.99% depending on whart is
most suitable for the process. Khang and Levenspiel (1976) discovered that the concentration
of the matenal to be mixed behaved like a sinuscidal damped response with the mixing ame
curve falling between a pair of exponential curves which are oppositely signed (Figure 2.6).

Fractional degree of uniformity (1)

Time o achieve unifommily, Ly,

Figure Z.0: Graphical representation of the tracer response

I the case where the dispersion of the tracer is a sinusoidal damped response, Equation 2.14
can be used to caleulate the mixing ame.

In (l - ] ;
gk __k e e B T Flguation 2.14
whete: u = fractional degree of wniformity
fi = time to achicve the uniformity,
k, - mixing rate constant for turbulent flow {Ii.mt'l)

For some industries a mixing time of W% vnifernuty is perfectly suitable and the implication
of having more or less uniformity has to be determined by careful experimental analysis of the
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problem (Fasano and Penney, 1991). If N, exceeds 5,000 as stated in the introduction, the
mixing time is independent of N,

—%- = f (Nge, symmetry) Equation 2.15
& 0.5
wrl2J(3)
T)\H
D b 0.5 )
k,=axN (}—] (-}%) Equation 2.16

Constants (a and b) for turbines are given in Table 2.5 below. These constants have been
calculated when the material was injected from the top surface with axial impellers pumping
downwards. Adding the reagents below the axial flow impellers causes a decrease in the
mixing rate constant and subsequently, an increased mixing time (Fasano and Penney, 1991).
These mixing rate constants shown in Table 2.5 are only suitable for use in a Newtonian
system. To compare mixing time of different impellers, impellers should be loaded to the
same motor, gear, reducer, mounting adaptor, seal and shaft. For very low Ny, streamline
flow occurs and the mixing time will be prohibitively long.

Table 2.5: Mixing rate constants. Adapted from Fasano and Penney (1991)

Impeller Type a b

Six-bladed Disk Turbine 1.06 217
Four-Bladed Flat Turbine 1.01 2.30
Four-Bladed Pitched Turbine 0.641 2.19
Chemineer HE-3 Turbine 0.272 1.67
Square Pitch Marine Impeller 0.274 1.73

Another parameter that can be measured when the degree of homogeneity in a vessel is to be
characterised is the circulation time. This is a function of the pumping capacity of the impeller
and it is the time taken for a molecule of fluid to complete a closed loop (Guérin et 4l., 1984).
Comparing the axial and radial-flow impellers in geometrically similar vessels, the circulation
time is much shorter for the radial-flow impeller as the fluid element travels through a shorter
loop (Figure 2.4 and Figure 2.5). Thus, increasing the fluid velocity by increasing the impeller
speed will cause a reduction in the circulation time. Further, circulation time decreases with
increasing impeller-to-tank diameter ratio (Perry et al., 1998). In practise, the circulation time
is taken as the time interval between two crossings in the same direction (Guérin et 4l., 1984).
In conclusion, mixing and circulation times are system and experiment-specific and the
several criteria that have developed to measure these parameters are not universally applicable
(Coulson et al., 1999).

.
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25.6.1  Factors affecting mixing times

The factors affecting mixing times are similar to those affecting mixing in general. The
intensity of agitation, the method by which mixing time is obtained, the definition of mixing
time (66.7% of final concentration, 80% or 99.99%), temperature, the physical properties of
the fluid in use are some of the factors involved. The mixing time determined is also affected
by the sensitivity and reproducibility of the method used and the vessel geometry. The
intensity of agitation is defined solely by the impeller speed and the higher the intensity, the
lower the mixing time (McCabe et 4l., 2001). The impeller speed not only affects the intensity
of agitation but also the viscosity of the fluid especially when a shear dependent non-
Newtonian fluid is being homogenised. The temperature of the mixing vessel/content
generally has an effect on the physical properties such as density and viscosity of the fluid to
be mixed. The time needed for homogenising pseudoplastic fluids is much more (sometimes
up to double) than that needed for Newtonian fluids (McCabe et 4l., 2001). The reason for
this difference is because of the shear rate field that exists in the mixing vessel when a
pseudoplastic fluid is being mixed (Zlokarnik and Strasse, 2002). Looking at vessel geometry,
Zlokarnik and Strasse (2002) concluded that as the liquid height-to-tank diameter ratio
increases, the mixing time also increases.

2.5.6.2  Characterising mixing time and circulation time

When characterizing mixing time, it is important that the method and equipment used should
be applicable to industrial size bioreactors, say 5001 since most industrial-type stirred tank
reactors are usually that big. Secondly, the method should not be limited to laboratory and
research-type fermentations only so that the information gathered can be useful in industry
and scale-up effects can be minimised. And finally, it should be possible to regularly obtain
data throughout the fermentation (Byrant, 1977).

Byrant (1977) classified the methods of characterisation into:

o Stimulus/response techniques e.g. tracer or conductivity method
e Flow-followers and local velocity measurement

e Consumption of certain nutrients

a) Stimulus response

An application of this method is measuring the terminal mixing time. In this method, a small
amount of tracer is injected into the system at time, t=0 and the concentration of the tracer
monitored over time. The terminal mixing time is taken as the time for the mixture to reacha
certain degree of uniformity. The amount of tracer added, point of injection or pulse
application and the degree of uniformity used affect the terminal mixing time determined. In
the case of the bioreactors, the suitable tracer to be used should not be toxic to the
microorganism, be easily detectable and measured in an aseptic manner. In any case, the
laboratory broth should be “real”, such that rheological properties of the broth can be taken
into consideration when characterising mixing. Coulson et al. (1999) stated that in deciding the
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point of injection, the variance of the concentration about the equilibrium value should be the
major determining factor. In other words, the point of injection should be such that, the
variance (standard deviation) of the equilibrium concentration should not be too high.

One of the problems associated with the tracer method is that successive addition of the same
sample increases the tracer concentration thereby reducing measurement sensitivity. One way
of alleviating the sensitivity problem is by adjusting the broth pH to some value between pH
7-14 and then adding phenolphthalein. The pulse on the other hand is an acid. The time taken
for the pink colour to disappear is taken as the mixing time.

b) Flow-followers

This method is usually used for measuring the mean circulation time. The flow-follower is a
radio follower housed in a plastic sphere. The sphere consists of two hemispheres that can be
screwed together. In other cases, a tiny silicon pellet is used. It is generally accepted that in the
case of vigorous mixing, the contents of the tank will have to be circulated 5 times to achieve
99% homogeneity (McCabe et al., 2001). Once the mean circulation time has been obtained,
the mixing time can be easily approximated from it. The problem with this method is that the
level of the accuracy of the mixing time is definitely lower than that obtained by using the
stimulus response method. Another limitation of this method is that it can only be used for
transparent fluids where visual observation is required. In opaque fluids, a flow follower
generating an electric signal through a magnetic fluid or a radar signal would be required.

2.6 LOSS OF YEAST QUALITY ON STORAGE

The loss of yeast quality can come about as a result of operating conditions which result in
both cell physiological stress and mechanical stress. Variables which may influence stress
experienced, include intensity of agitation of the yeast suspension, duration, temperature of
storage and the physiological state of the yeast.

2.6.1 PHYSIOLOGICAL STRESS

Moderate temperatures and the lack of nutrients over a prolonged period of time results in
cell starvation. Storing the yeast at very low temperatures could hinder any metabolic
processes thus preventing an increase in carbon dioxide and ethanol concentrations to toxic
levels and the generation of metabolic heat. Elevated carbon dioxide, ethanol concentrations
and temperature can weaken the physiological condition of the cells (Smart et al., 1995) thus
making them more susceptible to mechanical damage. Martens e al. (1986) studied the
influence of time and temperature of stored yeast on yeast quality and they discovered that
yeast should be stored under beer at a storage temperature not exceeding 4°C. Roessler (1968)
stated that one of the reasons for storing yeast at low temperatures is to prevent autolysis. It
appears that the products of autolysis act as nutrients for wild yeasts and bacteria and can also
affect the flavour of beer. Since the level of metabolic activity of stored yeast is temperature-
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dependent, it is very important that uniform temperature is maintained. Fluctuating
temperature affects the duration of the lag phase of subsequent fermentation (Roessler, 1968).

2.6.2 AGITATION

It has been reported (Lewis and Poerwantaro, 1991) that the release of haze forming material
is due to mechanical abrasion of the cell wall and the amount of haze released s dependent
on the pH of the medium. In the study by Lewis and Poerwantaro (1991), a brewer’s strain of
Saaharomyees cereusiae with a dry weight concentration of 10 g/1 (~1% wet weight) was agitated
at 300 rpm by the use of a mechanical shaker at 20 °C for 5 min. It was also found that
mature cells that had completed fermentation released more haze material than younger cells.
The amount of haze material released was affected by the duration of agitation. Martens e 4.
(1986) investigated the influence of time and temperature on the quality of yeast stored and
they concluded that, to maximise yeast quality, the storage vessel should not be minimally
agitated. The conditions used in the study conducted by Martens et 4l (1986) were a range of
temperatures between 0 and 12 °C and storage times of between 0 and 12 days. It is not clear
how this conclusion was reached because no agitation experiments were carried out.

In the study conducted by McCaig and Bendiak (1985a) in which agitated pitching yeast is
compared with non-agitated yeast, they concluded that agitation caused lower viabilities and
glycogen content. The pitching yeast was agitated at 300 rpm (0.72 ms™) assuming the mixing
vessel is of standard geometry) for 5 days at 1°C. There was a reduction in viability because
agitation led to the provision of oxygen for the cells which accelerated the metabolic process
of the yeast. As a result of the accelerated metabolic process, the glycogen reserves are
depleted quite quickly as they are needed for cell maintenance. Subsequently, depletion of
glycogen which is the energy source leads to death and therefore lowers viabilities (McCaig
and Bendiak, 19852).

2.6.3 STORAGE DURATION

In the YCV, yeast suspension is stored for a period of between 4 - 48 hours. During this
period the suspension does not have access to oxygen because a nitrogen headspace is
maintained. Quain (1988) mentioned that storage of yeast would result in glycogen depletion.
Glycogen is the source of energy for stationary phase yeast and any losses can easily result in
cell death. In order to reduce glycogen depletion, Quain (1988) suggests that yeast handling
should be conducted anaerobically and chilled. McCaig and Bendiak (1985b) conducted a
study on the effect of storage duration on stored pitching yeast under beer and they observed
that the viability of the yeast decreased from 96 to 89.3% over 5 days of storage and the
glycogen content decreased by 35%. It was concluded that this change in viability and
‘glycogen content is not significant enough to affect subsequent fermentations. However, they
suggested that yeast should not be stored for longer than 72 hours. Sall er al. (1988) conducted
a study on brewer’s yeast (18% wet weight) stored in beer for 2 days at 1 °C and agitated
continuously at an impeller tip speed of 8.51 ms* (400 rpm). The lid of their vessel was closed
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with the only open space being the vent used for carbon dioxide evolution. It was concluded
that glycogen and trehalose contents are not related to yeast fermentation performance.
However, glycogen and trehalose declined significantly only after sampling. The conclusions
drawn from the study by Sall & 4/ (1988) differs from that drawn by McCraig and Bendiak
(1985b). This is probably because the conditions at which they both worked was different.
Martens et @l (1986) confirmed that storing yeast for a long period (12 days) leads to a decline
in glycogen reserves (22 to 8% glycogen) and a loss of viability (97 to 88% viability). The yeast
used in their study was stored under beer at 0°C.

Murray e @l (1984) investigated the effect of aerobic and anaerobic storage on pitching rates.
They showed that glycogen level content decreased in an aerobic system as compared to the
anaerobic system. In addition, the fermentation rate was faster following anaerobic storage of
yeast as compared with that stored aerobically.

2.6.4 GENERATION NUMBER (RE-USE)

Yeast age is a function of the generation number. Yeast from the YCV would be reused in
subsequent fermentations, hence, the reason for investigating generation number. In
Nishikawa and Nomura (1974)’s work on the effect of repeated fermentation on yeast quality,
it was observed that repeated fermentation leads to a gradual loss in the ability to ferment
maltrotriose. Secondly, yeast flocculence is enhanced on reuse which results in poor
attenuation rate. This is because of the poor quality yeast tends to flocculate in the early stage
of fermentation thereby causing a decrease in the number of suspended cells. Finally, re-use
of yeast can bring about an increase in the population of mutated yeast.

2.7 CONCLUSIONS

Fermentation performance is related to yeast quality. In turn, yeast quality is equally
dependent on flocculation and sedimentation characteristics, yeast viability, yeast surface
properties and the integrity of the cell envelope.

In order to investigate the effect of agitation on yeast quality, it is important to minimize
physiological stress on the cells as this contributes to reduction in yeast quality and makes the
cells more susceptible to mechanical damage. Low storage temperatures are required with
good temperature control so that the yeast does not undergo any temperature abuse. The
holding tank should not contain oxygen so as to minimize metabolic activity.

Loss of yeast quality may result in release of haze forming material due to damage on the cell
wall. Cell disruption can release haze material as well as enzyme protease. Analysing the
material can help determine the extent and location of damage to the cell. Changes in cell
surface charge and hydrophobicity also indicate the loss of yeast quality. The gradual

deterioration in the performance of yeast in successive fermentations is an indication of the
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loss of yeast quality associated with yeast viability. This results in a reduction in biomass
growth rate. Increased fluid shear stresses could be due to an increase in impeller speed or an
increase in fluid viscosity. Increased fluid shear forces may cause a reduction in cell viability,
lower yeast flocculence and cell disruption but not necessarily complete cell damage.

There are several factors that affect the mixing of fluids in stirred tank reactors such as: the
rheology, viscosity and density of the fluid to be mixed and temperature. The viscosity of
fluids can be determined by observing the relationship between shear rate and shear stress on
a rheogram. Yeast suspensions have been classified as pseudoplastic at high concentrations
(greater than 10% wet weight) and Newtonian at lower concentrations. Several equations such
as the Vand and Einstein equations have been proposed to describe the relationship between
yeast concentrations and its viscosities. Other equations have been proposed by Rudis ez /.
(1976) and Reuss ez al. (1979).

Mixing time is defined as the time taken for the concentration of a material to be blended ina
vessel to reach a degree of uniformity following addition of a perturbation such as addition of
a tracer. The factors affecting mixing times are: the intensity of agitation, the method by
which mixing time is obtained, the definition of mixing time (66.7% of final concentration,
80% or 99.99%), temperature and the physical properties of the fluid in use. To promote
mixing and heat transfer in a highly viscous fluid (non-Newtonian), complex impeller coupled
with an impeller diameter-to-tank diameter ratio of greater than 0.5 is desirable. The use of
baffles will help to promote heat transfer. On maximising heat and mass transfer there is
danger of damage to yeast cells due to high shear forces. Other impellers such as radial and
axial-flow impellers will not produce as much turbulence in an agitated tank containing non-
Newtonian fluid.
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CHAPTER 3: EXPERIMENTAL PROCEDURES

3.1 INTRODUCTION

The objective of this study is to investigate the relationship between agitation of cropped
yeast during storage and yeast quality, in other words, model the yeast collection vessel (YCV)
on a laboratory scale. The rheology of the yeast and the degree of mixing were determined in
order to adequately quantify the extent of agitation before any experiments were conducted.

The indicators of yeast quality investigated were: viability, vitality, protease absorbance and
haze formation. Measuring viability and vitality indicated the extent of cell death and the
quantity or extent of cells that are metabolically inactive. Determining protease absorbance
quantified the extent of minor damage to the cell membrane while the amount of haze
material quantifies the extent of minor damage to the cell wall (Basson, 1996). In order to
achieve the aim as defined above, cropped yeast was obtained from SAB Miller. The quality,
mixing and storage conditions to which it had been subjected were ascertained before further
investigations were carried out.

In this chapter the methodology used in determining the effect of agitation on yeast quality is
given. Measurement of the yeast rheology and the degree of mixing in the bioreactor
quantified is described in Session 3.2 and 3.3 respectively. The materials and equipment used
are described in Sections 3.4 and 3.5. In Section 3.6, the YCV is compared and contrasted
with the experimental rig. Section 3.7 gives a full description of the method used to expose

the yeast cells to mechanical stress. Section 3.8 details the assays employed to determine the’

extent of quality deterioration while Section 3.9 describes the method by which cell dry
weight is determined. A detailed description of the assays conducted is found in Appendix B
and the composition for the chemical solutions used in these assays in Appendix A.

/
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3.2 THE MICRO-ORGANISM

Brewer's Yeast, Succharamyces Cerevisiae SAB 5 was obtained from the yeast collection vessel
(YCV) of the SABMiller in Newlands {Cape Town, South Africa). The yeast used had been
previoushy involved in the production of Castle Lager Beer, is in stationary phase and
harvested at 4°C. The yeast history for each experiment is given in Appendix D.

3.3 YEAST RHEOLOGY

The apparent viscosity of the yeast suspension was measured by using the Haake VT 550
viscometer at 25°C. The viscometer uses coaxial cylinders to determince the shear stressand
viscosity as the shear rate changes. There are number of sensors and the criteria used to
choose a suitable sensor are: operating shear rate, temperature, and type of [luid. The sensor
systernused in this case is the MV-DIN rotor svstem (Figure 3.1). This sensor system consists
of the MV cup and the DIN rotor with an annulus spacing ol 1.64mm 10 stze. MY sensorsarc
useful for when working ac medium shear rates (5-1222 57 and DIN 53788 rotor is used for
water-based suspensions. The system dimensions are recorded 1 Table 3.1. In order to
control the temperature, the sensor is connected to a water bath. The density of the fluid was
measured by the use of DMA 55 caleulating densiy meter trom Anton Paar,

Figure 3.1: Set-up for sensor system
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Table 3.1: System Properties for MV-DIN Sensor System

PROPERTY VALUE
Inner Cylinder (Rotor):

Radius R; {mm) 19.36
Height L (mm) 58.08
Quter Cylinder (Cup):

Radius R, (mm) 21.0
Radii Ratio R./Rs:

Gap Width (mm) 1.08
Sample Volume V (cm?) 1.64
Temperature (°C) 46.0
System Factors:

F 61.4
M 1.29

The viscometer is connected to a computer which records the shear stress at each shear rate
and calculates the apparent viscosity as it changes the shear rate. The range of shear rate used
was between 10 and 3005, To prevent settling, the data was collected within 60s. Rheology
data was collected as a function of suspension concentrations ranging from 10 to 55% wet
weight.

3.4 POWER REQUIREMENTS

The method by which the power measurements were made was based on the work done by
Scholtz (1996). The rig used to measure the power requirements of the impeller consists of a
frictionless torque table, shaft and stirrer. The impeller speed is controlled by the use of a
variable speed drive. The torque table is fitted with a torque arm which coupled with aload
cell is able to quantify the power used by the impeller. The load cell is calibrated by using
known weights suspended on the torque arm. The power consumed could be obtained from
the load cell reading via Equation 3.1.

P= mglL N 27 Equation 3.1
60
where: P = power input to vessel (W)
m = load cell reading (kg)
L = distance from torque tip of torque arm to the centre of

the torque table (m)
N = impeller speed (rpm)
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3.5 MIXING STUDIES

Mixing studies were conducted by using 2ml of 34 KCl solution as the tracer. The tracer was
injected at the bottom of the vessel (point A int Figure 3.2) as a pulse at time, t=0 and the
conductivity recorded over time by the use of YSI 3C-108CT portable conductivity meter
(United Scientific, Cape Town). The calibration of the conductivity meter is described in
Appendix E. The conductivity meter is adjacent to the tracer port and just below the liquid
level (Figure 3.2). Bottom injection was chosen over and above top injection because the
standard deviation of the equilibrium conductivity and the standard error obtained from 3
replicates were lower {Table 3.2). The average yeast concentration used in Table 3.1 15 40%
wet weight. Rushton turbine at 800rpm effected the mixing.

o — Tracer

Conductiviy
meler

Figure 3.2; Experimental set-up for determining nuxing time

Table 3.2: Dilference in t,, {or top and bottom injection determined at 800 rpm and
yeast concentration of 40% (based on wet weight})

Top Injection Bottom Injection
Fquilibrium conduciviy {mS/em) 530 0.a7
Standard deviation 0,54 441
Standard error of 3 replicates .
Ly 24 8.4
Trmgs 258 5.4

Mixing time 1s defined as the time at which the standard deviation of the darta points was
between 53-10% of the [inal conductivity Moo-Young ¢t &l 1972). An example is shown in
igure 3.3. The yeast suspension used to obtain the dara in Figure 3.5 had a concentration of
41.9% wer weight {11.1% dry weight) and to effect mixing a Rushton turbine ar an agitation
rate of 400 rpm., The conductivity was monitored {or between 5 and 15 minutes depending
on the concentration of the yeast suspension.

Mixing time was obtained for different cell concentrations. Changing vemperature, itensity of
agitation and the type of agitator varied the environment of the bioreactor. The yeast
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suspension consideted had concentrations berween 30 and 60% wer weight (8.0 — 17% dry
weight). The two temperature scttings used were 4 and 14°C. A Rushton turbine impeller
(tadial mixing) and 45° Picched Blade impeller (axial mixing) were used to vary the tpe of
agitation while the intensity of agitation was varied by using a range of impeller speeds
berween 200 and 800rpm (tip speeds between 0.72 and 2.89ms ).
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Figure 3.3: Graphical representation of data collected to determine mixing time
Impeller: Rushion murbine at 400 mpm; Yeast coneentration of 41,9% wet weight

3.0 EQUIPMENT

The apparatus used to investigate the operaning variables of yeast storage, as shown in Figure
34, consisted of a jacketed stirred tank of standard geometry. The wvessel geometry is
provided in Table 3.3 and the impeller dimensions and design given in Section 3.8.2.

Table 5.3; Vessel Geometry of Yeast Agitation System

DMimension {mm) Dimension Ratio _ r
iy 1400
H 1400 H/T 1.0
& ' 53.2 il R

The tank was a flat-bottomed 1-litre glass vessel with a sealed lid having a wotking volume of
0.91 lirres. To ensure uniform temperature, a 25% ethylene glycol solution was reeycled from
a RTE-8 Endocal programmabic circulating refriperator to the vesscl jacket. The temperature
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of the coclant was controlled at 4"C. The apparatus was maintained under anaerobic
conditions by ensuring a nitrogen headspace. The fitrogen gas was bubbled through distilled
water to humidify it. The vessel contents were agitated with the use of either a Rushton or
pitched-blade impeller fitted to a stainless steel shaft and a Heidolph Stirrer {Labotec, Cape
Town, Republic of South Africa).

SHrrer

Linpeller
& Shaft

Coolant Char

Mirragen T

Eenctor

Conlanl Tn

Refrgerator

Figure 3.4: Experimental set up

3.7 COMPARING YCV AND EXPERIMENTAL RIG

The YCV is a cylindroconical vessel that is used to store cropped veast for between 4 and 48
hours after the brewery fermentadon 18 complete and before re-use in anothet fermentation.
Before the suspension is stored in the YCV), it 1s cooled from 14 to 4°C in a plate and frame
heat exchanger. The vessel and impeller dimensions for the yeast collection vessels used at
sABMiller Newlands Brewery and the laboratory expenmental ng are reported in Table 3.4
Aptaton rates for the experimental system were chosen to provide common impeller dp
speeds with those used at Newlands Brewery. The impeller type used in the YCV is the 2-
bladed Scandi brew impeller. Reynolds Nuniber (N}, shear rate and appatent viscosities are
compated across the different vessels and yeast concentrations in Table 3.5. The shear rates
shown in Table 3.5 were calculated from Dquadon 2.2, At low concentrations (< 15.0% wert
weight), the yeast suspension exhibuts the rheology of a Newtonian fluid and at high
concentrations, the rheology is non-Newtonian, hence the reason for caleulating N, for
different veast concentrations.
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Table 3.4: Vessel and Impeller Dimensions for the YCV and Rig

Dimensions YCV Experimental Rig
T (m) 1.8 0.14

H (m) 450 0.14

C (m) 1.80 0.05
H/T 2.50 1.00
C/T 0.40 0.38

N (rpm) 60 - 100 200 - 800
Tip speed (m/s) 179-2.98 0.72-2.89
D (m) 0.570 0.069
W (m) 0.115 0.014
W/D 0.20 0.21

Table 3.5: Rheology parameters for the YCV and Rig

Yeast concentration Rheology Parameters YCV Experimental Rig

(%)

20.0 Shear rates (s1) 9.40-14.1 47.0- 188
Apparent viscosity (cP) 10.2-10.0 9.58 - 9.09
Reynolds Number 32400 - 55000 1650 - 6970

27.3 Shear rates (s1) 9.24-13.9 46.2 - 185
Apparent viscosity (cP) 50.4 -42.9 26.5-15.2
Reynolds Number 7580 - 15500 592-4120

44.0 Shear rates (s1) 9.18-13.8 45.9 - 184
Apparent viscosity (cP) 260-214 120-61.9
Reynolds Number 1520 - 3230 132 - 1020

66.3 Shear rates (s1) 8.14-12.2 40.7 - 163
Apparent viscosity (cP) 2785 - 1904 616 - 168
Reynolds Number 171- 459 25.7-377

3.8 EFFECT OF OPERATING VARIABLES ON YEAST QUALITY

The operating variables investigated are impeller speed and type, vessel temperature, duration
of agitation and suspension concentrations.

3.8.1 METHODOLOGY

Yeast was collected from the YCV of SABMiller Brewery at Newlands and transportedina
sealed bottle to University of Cape Town within 15 minutes. By the time the yeast suspension
reached its destination, its temperature had increased from 4°C to 10°C. The suspension is
then stored in a refrigerator at 6°C. It is important that the yeast is used within a 24-hour
period in order not to introduce stress due to storage. An aliquot of 0.91 litres of yeast
suspension placed in the reactor. The pH, viscosity, density and biomass concentration of the
slurry were measured and the physical condition of the yeast was not altered. To ensure that
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the physical conditions of the yeast is not altered, the temperature was kept constant by the
use of a refrigerator and oxygen was kept at bay by maintaining a nitrogen headspace. The
temperature was kept constant at 4°C throughout each run of an 8 and 24-hour duration.
Samples were taken and analysed every 2*¢ hour to monitor the yeast quality.

3.8.2 EFFECT OF IMPELLER TYPE AND SPEED ON YEAST QUALITY

To investigate the effect of impeller type on yeast quality, experiments were carried out with
two types of impellers. These were:
e 6-bladed Rushton impeller and

e 6-bladed pitched blade impellers (45°).
The dimensions of these impellers are shown in Table 3.6.

These two impellers were chosen because they vary in the type of mixing they create in the
suspension (See Figures 2.4 and 2.5). The Rushton impeller gives radial mixing projecting the
fluid rowards the vessel walls while the pitched blade impeller gives an axial flow pattern. The
Rushton impeller is expected to induce more shear than the pitched blade impeller.
Consequently, the Rushton impeller draws more power than the pitched blade impeller.

Table 3.6: Impeller Geometry for Experimental Rig

Dimension (mm) Dimension ratio
Impeller Type | Rushton Pitched Blade Rushton Pitched Blade
D 68.6 70.0 D/T 049 0.50
L 17.8 259 L/D 0.26 037
w 14.4 11.2 wW/D 0.21 0.16
H. 46.0 20.3 HJ/D 0.67 0.29
Angle e 450

The impeller speed was varied between 200 and 800 rpm (tip speed of 0.72 - 2.905™). The
speed was varied for both impeller types and its value measured by the use of a hand-held
Lutron DT-2236 tachometer (Merck, Cape Town). The Reynolds Number, shear rate,
apparent viscosity, impeller tip speed and P/V for the two impeller types at 400 and 600 rpm
and a 55% wet weight yeast suspension are tabulated in Table 3.7.

Table 3.7: Distinction between Rushton turbine and pitched blade impeller

Parameters Rushton Turbine Pitched Blade Impeller
Impeller Speed (rpm) 400 600 400 600
Impeller tip speed (m/s) 1.44 2.16 1.47 2.20
Shear rate () 90.3 138.3 89.1 135.8
Apparent viscosities (cP) 267 202 269 204
Reynolds Number 119 239 121 241
P/V (kW/m) 1790 5466 770 7336

Cell concentration (% wet weight) 55.0 54.9 55.0 54.9
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3.8.3 EFFECT OF THE DURATION OF AGITATION

In order to observe the effect of long-term agitation on the quality of yeast, a number of 24-
hour experiments were carried out in which case samples were taken every 2 hours for the
first 8 hours and the last eight hours. This was conducted with the Rushton turbine and at
two speed settings: 400 rpm and 800 rpm.

3.8.4 DILUTION

Yeast was diluted in phosphate-buffered saline (PBS) solution to adjust its biomass
concentration and the same experiments as that carried out with the undiluted yeast were
performed. The biomass concentrations investigated were across a consistency range between
30 and 78% based on wet weight (Dry weight range is between 11 and 23%). This way the
combined effect of dilution and suspension concentration during storage on quality was
studied.

3.8.5 EFFECT OF TEMPERATURE

Two temperature settings were used in this set of experiments: 4 and 14°C. The temperature
at 4°C was used because this is the storage temperature at which the YCV is maintained while
the rationale for using 14°C is because this is the temperature from which the yeast is cooled
down from before it enters the YCV.

3.9 YEAST QUALITY

The yeast was assessed using the following yeast quality indicators:

Cell viability
Haze material
Protease
Vitality

3.9.1 CELL VIABILITY

There are a number of ways by which yeast cell viability can be determined. These methods
have been classified into three: cell damage, loss of metabolic activity and loss of replicative
ability (Jones, 1987 in McCaig, 1990).

Examples of methods that use direct measurement of loss of replication as their principle are
the plate count and slide culture techniques. McCaig (1990) reports that these methods are
slow (requires 18-48 hours), prone to error (plate counts) and pose a problem when diluting
the cell clumps in liquid media.
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Dyes and stains use the principle of cell membrane damage to determine cell viability. These
stains are dependent on the state of the plasma membrane (McCaig, 1990). Examples of such
dyes and stains are Mg-ANS, eosin-Y, methylene blue and methylene violet to mention a few.
Mg-ANS stains require a fluorescent microscope while methylene blue dyes need a brightfield
microscope. Non-viable cells are stained on addition of Mg-ANS while viable cells remain
unstained (King et 4l., 1991). The principle behind the fluorescent stain is that the nonviable
cells allow the stain into their cytoplasm, the stain then binds to the cytoplasmic protein and
the resultant complex formed as a result of this fluoresces, giving off a solid bright green
colour when illuminated by UV light (McCaig, 1990). However, in viable cells, the stain binds
to the exterior protein of the cell wall and gives off a halo of weak green fluorescence on
illumination (McCaig, 1990).

The methylene blue staining technique relies on the permeability of the cell membrane to
ensure staining. Dead cells have a porous membrane that allows the methylene blue solution
to be absorbed whereas living cells would not be stained by the solution. Although methylene
blue staining method is commonly used in industry (Lentini, 1993), it has its limitations in that
it overestimates the viability when the viability is less than 90% (King et a/., 1981). McCaig
(1990) relates this to the subjective nature of this technique in that staining can be very light
which can be recorded as either positive or negative. Methylene blue stain can undergo
oxidative demethylation which is the reason why it gives differences in staining intensities. As
a result Smart et al. (1999) recommended the use of citrate methylene violet dye. Citrate
methylene violet dye has an advantage over the traditional methylene blue stain because it has
the ability to make a better distinction between living and dead stains as well as having a
neutral pH. The methylene blue staining method has the advantage over the Mg-ANS staining
method in that, it is inexpensive and simple. Although, it must be noted that in the lower
viability range (<90%), the Mg-ANS staining method gives more accurate results when
compared with the methylene blue staining method.

In this study, the modified methylene blue staining technique of Lee et al. (1981) was
employed, as the viability is not expected to fall below 90%. Lee et al. (1981) suggested the
use of Ringer solution to prevent cell growth.

To determine cell viability, the number of stained (non-viable) and unstained (viable cells) was
counted by the use of a Neubauer haemocytometer, a light microscope with a 40x
magnification and a Han Lien DBC-6 counter. Buds were only included in the count if they
are bigger than 50% of the size of the mother cell based on area. Cell viability is then
calculated in the following manner (Equation 3.2):

% cell viability = viable x100 ————  Equation 3.2

viable + non — viable

The coefficient of variance for this method was calculated to be 1.1%. The reproducibility of
the method and its practice are given in Section 4.3.1 and Appendix B.1.1 respectively.
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3.9.2 PROTEASE

There are a number of methods used to determine extracellular protease activity, including
those proposed by Mochaba et 4l. (1993) and Ormrod et al. (1991). In the method of Mochaba
et al. (1993), the substrate used is resorufin-labelled casein whereas the method by Ormrod et
al. (1991) uses bovine haemoglobin as the substrate. The haemoglobin method is not sensitive
at low levels of protease activity and the protease activity measured by this method is not
reproducible (Ormrod et 4l., 1991). However, the casein method is highly sensitive,
reproducible and a direct link between the protease activity detected and the cell viability is
reported (Mochaba et 4l., 1993). Furthermore, the method is simple.

Robinson (2001) modified the method proposed by Mochaba et al. (1993) by proposing an
incubation time of 1hr. To ensure the linearity between protease present and absorbance, it is
necessary to operate in the linear response range as samples with different levels of protease
are being compared (Robinson, 2001). The method used in this study is that proposed by
Robinson (2001). A description of the method is in Appendix B.4.1 and its reproducibility is
reported in Section 4.3.2. The coefficient of variance for this method is 4.0%.

3.9.3 HAZE MATERIAL

An increase in the amount of haze in beer can affect its taste, its appearance through turbidity
and therefore affect its quality. Siebert ezal. (1981) observed that the presence of haze in beer
poses a problem in beer clarification. Lewis and Poerwantaro (1991) noticed an increase in
haze on agitation. Haze forming materials can include carbohydrates, proteins, polyphenols,
metal ions, oxalate or even microorganisms. Thus, an increase in haze in a suspension can be
caused by a number of factors such as: a change in pH, starvation and temperature stress, as
well as mechanical stress.

Siebert et al. (1981) tried to characterise haze by using the following methods:
e Nephelometry

e Chemical analysis

o Enzyme treatment

e Optical microscopy with staining

e Scanning electron microscopy and

e Electron particle counting

Of all these methods, nephelometry and electronic particle counting gave the better resultsi.e.
the amount measured correlated well with the amount of haze collected by centrifugation.
The problem with electronic particle counting is that if the sample is not handled properly
(kept cold), the amount of haze is susceptible to change. However, if sample is well handled,
electronic particle counting gave more accurate results than nephelometry.
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For this study, haze determination was based on particle counting but used the Malvern
Mastersizer (long bed version 2) to quantify the amount of haze in the supernatant of a
sample by laser light scattering in place of the electronic particle counter. The Malvern
mastersizer is able to detect particles having sizes within the range of 0.05 to 900 pm using
the principle of laser light scattering to detect particles. The larger the particles, the more it
scatters or deflects the light. The amount of deflection or scatter is used to calculate the
particle size. The procedure for haze determination by laser light diffraction was developed by
Robinson (2001). Haze material is considered to be composed of any particles smaller than 2
um (Robinson, 2001). A full description of the haze characterisation method is given in
Appendix B.3.1. The reproducibility of the method is clearly described and explained in
Section 4.3.4. The coefficient of variance for this method is 2.1%.

3.9.3.1 Quantification of Haze
Haze has been classified as particles in the size range of 0.08 to 2 pm (Fischer et 2/., 2001).

However, particles in the size range of 2 to 3 um are protein-polyphenol compounds (Fischer
et al., 2001). In order to quantify haze, a size distribution plot is obtained from the
Mastersizer. The size distribution plot obtained from the Mastersizer is on a volume basis and
Robinson (2001) suggests that the data is converted to a particle number or area basis
(assuming the particles are spherical) in order to avoid the smaller haze particles from being
overshadowed by bigger particles such as the yeast cells and agglomerates. For this study, the
data obtained from the Mastersizer was left as volume basis because the data obtained were to
be compared and normalised with the control data. The area under the size distribution curve
was calculated by using Sigma Plot toolkit which uses the integral principle to evaluate the
area under the graph. The ratio of the area under the size distribution curve in the haze size
range i.e. particle diameter less than 2um (A,) as shown in Figure 3.5a and the area under the
size distribution curve in the entire range (A1) as shown in Figure 3.5b was then calculated by
using Equation 3.3.

Equation 3.3

Amount of haze = %T

In some cases, the data was normalised by comparing the amount of haze obtained from the
agitated yeast with that obtained from the control yeast (Equation 3.4)

Amount of haze in treated yeast (H,)

Equation 3.4
Amount of haze in control (H.)

Normalised haze =
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Figure 3.5: Haze analysis. (a)- Size range (0 — 50 pm) (b)- Size range (0 — 2pum)

394 VITALITY:

Yeast vitality can be characterised in terms of metabolic activity, cellular components, its
fermentation capacity, acidification power and its oxygen uptake ability (Lentini, 1993). In
this study, yeast vitality was determined by analysing the fermentation capacity of the stressed
yeast. An amount of yeast was gtown anaerobically in a shake flask for 24 hours at an
agitation rate of 150rpm at 30°C and changes in biomass concentration, viability; CO,
evolved, and substrate concentration were measured every 2™ hour for the first 8 hours and
thereafter at 24 hours. Sampling was done aseptically in the laminar flow cabinet. Although
this method is time consuming, it gives a ditect indication of the yeast vitality (Lentini, 1993),
unlike the inditect measures given by abundance of cellular compounds or by acidification
power. A more detailed desctiption of the vitality method is given in Appendix B.5.1.

3.94.1 Glucose concentration

The cells were grown on Maltose Yeast Peptone and Glucose (MYPG) media (Appendix
A.3.1) and hence, the major catbon source used is glucose. Glucose concentration was
measured by determining the reducing sugar concentration using 3,5-dinitrosalicylic acid
(DNS). The composition of the DNS solution is given in Appendix A.3.2. In this method
known as the dinitrosalicyclic colorimettic method of glucose determination (Wang, 2003),
the presence of free carbonyl groups (C=0O) is tested. The carbonyl groups are oxidised as the
DNS is reduced to 3-amino,5-nitrosalicyclic acid. This occurs in alkaline conditions. The
method is described in Appendix B6. The coefficient of variance for this method is 1.7%.

2.0
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3.9.4.2 Cell concentration

The cells were counted as described in Section 3.9.1 and Appendix B.2.1. Biomass
concentration is the product of the number of cells counted, the dilution factor and the
volume of suspension present with the area of the haemocytometer used (25mm?). The
coefficient of variance for this method is 3.7%.

3.9.4.3 Carbon dioxide evolved

The shake flask was fitted with a rubber bung through which a glass rod filled with silica gel
was inserted. The silica gel absorbed any moisture from evaporation of the medium, ensuring
that any weight loss can be attributed to carbon dioxide evolution only as confirmed by the
control flask. The flask was weighed every 2" hour for the first 8 hours and at 24 hours. The
coefficient of variance for the method is 18.6%.

3.9.4.4 Analysis of Vitality data

Vitality can be measured by the yield of biomass and carbon dioxide with respect to substrate
consumed, growth rates, substrate utilisation rates and carbon dioxide formation rates of a
growing cell. Some typical vitality data are shown in Figures 3.6, 3.7, 3.8 and 3.9. The vitality
of yeast cells that had been exposed to stress on storage for 7 days (treated yeast) and that of
cells that had not been subjected to storage at all (untreated yeast) is compared. Cells were
stored in a closed bottle at 6°C in a refrigerator.

Cell growth is seen to start after 2 hours (Figure 3.6a). Using the period from 2 to 8 hours, the
growth rate can be calculated based on Malthus kinetics (exponential growth). The growth
rate for the treated yeast cells as calculated from Malthus equation for batch kinetics
(Equation 3.5), is half that of untreated yeast cells (Figure 3.7).

_ldx
# X dt

Equation 3.5

There is only a slight difference in the substrate utilisation of the stored yeast and fresh yeast
suspension. However, the amount of carbon dioxide formed by the fermentation of the
untreated yeast cells is 6.7% more than that formed by the treated yeast cells.
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Figure 3.6: Vitality profiles for cells that had been stored for 0 and 7 days.
(a)-Growth profiles; (b)-Growth rates; (c}-Glucose utilisation; (d)-Carbon dioxide formation

The yield of biomass on glucose (Yy/) and the yield of carbon dioxide on substrate (Ycoy/s)
are calculated from Equations 3.6 and 3.7 respectively while, substrate utilisation rate (q) is
calculated from Equation 3.8. Substrate utilisation rates, yield of biomass and carbon dioxide
have been calculated for exponential phase (exponential) and the entire growth period

(average).
v - Final cell concentration (* 10° cells.ml™) Eauation 3.6
X8 Glucose consumed (g.I™") 4 '
~1
Yooy s = Amount of CO, produced (ng/cell.mi™) Equation 3.7

Glucose consumed (g.I™")

d[s]
dt

1
Q’s=‘i

--------- Equation 3.8
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Table 3.8: Growth Parameters for treated and untreated yeasts

Growth Parameter Untreated Yeast Treated Yeast
Yxss (*10° cells/g):
Average 0.0440.02 0.02+0.01
Exponential 0.094+0.03 0.04+0.02
Yeous (ng COx/g.cell):
Average 0.344+0.05 0.334+0.04
Exponential 0.78+0.10 0.84+0.20
gs (g/cell.h):
Average 0.4240.05 -0.37 +0.03
Exponential 0.7840.07 -0.54+0.15

These growth parameters have been calculated for treated and untreated yeasts and are
presented in Table 3.8. The difference between the yields on biomass for untreated and
treated yeast is quite significant (52.7% decrease on treatment) and there is a 25% difference
in the exponential substrate utilisation rate. However, there 1s only a 12% difference in the
average substrate utilisation rate and a 7.7% increase in the yield on carbon dioxide.

3,10 DRY-WEIGHT ANALYSIS

Between 1.0 and 1.5 ml of yeast sample is placed in a dried and pre-weighed (w,) Eppendorf
microfuge tube and weighed (w,). The sample is then centrifuged for 5 min at 10 000rpm,
washed with distilled water and centrifuged again at the same conditions. This is repeated 2 to
3 times till the supernatant becomes clear. The wet weight of the yeast was determined by
weighing the tube at this stage (w,). The tube was then dried at 80°C in the Econo 38 801
Labotec Oven for between 12 and 48 hours to constant mass (w,) depending on sample
concentration. This was done in triplicate. Wet weight and dry weights were calculated from
Equations 3.9 and 3.10 respectively.

Wet weight = ( U B ‘) #*100 ——————  Equation 3.9
(Wz w)

Dry weight = E w,; *100 -  Equation 3.10
A

The coefficient of variance for 5 single samples is 3.7%. A full statistical analysis on this
method is shown in Section 4.3.3.2.
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3.11 CONCLUSIONS

The aim of this study is to simulate the YCV on a laboratory scale and check the effect of
agitation on yeast quality. The yeast used in this case is that of the specie Saccharomyces cerevisiae
and this was obtained from the Newlands Brewery of SABMiller. Agitation was provided by
the use of two impellers: Rushton turbine and 45° pitched-blade impellers and the vessel used
had standard geometry. The physical properties of the yeast such as its density and viscosity
respectively were determined by the use of an AP densitometer and a Haake viscometer. The
type of rheology that the yeast suspension exhibits was investigated in order to establish the
type of mixing that would be experienced in the mixing vessel.

A correlation between certain variables and the indicators of yeast quality were to be
established. Such variables are: storage temperature, cell concentration, impeller speed and
type and duration of agitation. Further, the indicators of yeast quality are: viability, yeast
performance (vitality), the amount of haze and protease. These indicators of yeast quality
were measured by the use of various assays. In the case of viability, a number of possible
assays were highlighted and the methylene blue staining method was chosen over above the
other methods mainly because of its ease of application and because the viabilities being
measured are in the range in which the method is suitable. Yeast performance was quantified
by subjecting the yeast to anaerobic growth on MYPG media at 30°C and measuring the
growth rate, yields on biomass and carbon dioxide and substrate utilisation rates. Finally, the
amounts of protease and hazes were measured by the use of the method by Robinson (2001)
and the Mastersizer respectively. The Mastersizer counts the number of particles in a
particular size range by the use of laser diffraction.
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CHAPTER 4:REPRODUCIBILITY OF RESULTS

4.1 INTRODUCTION

This chapter deals with the reproducibility of the many experimental assays employed and the
experiments conducted. Statistical analysis tools such as the ANOVA, t-test and f-test were
used to interpret the significance of the results. These tools were obtained from the Excel
analysis toolkit. The definitions of these statistical tools are given in Section 4.2. Data are said
to be reproducible if the confidence level for difference is less than 90% or the probability is
greater than 0.01, otherwise the data being compared are statistically different.

L}
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4.2 DEFINITION OF STATISTICAL TOOLS

The statistical tools used in this study are the t-test, f-test and the ANOVA (analysis of
variance). Other statistical parameters used are the average, standard deviation, standard error
and confidence limits.

4.2.1 AVERAGE, STANDARD DEVIATION AND STANDARD ERROR

The average for a population gives an indication of where most of the data lie. However, the
standard deviation of a population shows how accurate the set of data is and the standard
deviation is replaceable by the standard error when comparing large datasets (Napier-Munn,
1994). For a set of variables, x,, x,, x,, .... x,, the average (X), standard deviation (s) and

standard error (s ) for these data are given in Equation 4.1, 4.2 and 4.3, respectively.

e Equation 4.1
n

s= B~ Equation 4.2
=1 B~ 1
s :

Se = Equation 4.3

4.2.2 CONFIDENCE LIMITS
Confidence limits refer to the probability that the set of data being compared is different.

4.2.3 - TEST

The t-test is a statistical tool that is used to test the significance of the difference between two
means of two populations. Napier-Munn (1994) states that the t-test is only valid if the
variances of the populations being compared are not significantly different, the distribution of
the data is normal and the characteristics of the sample populations are constant.
Furthermore, each data point in the population needs to be an independent and an unbiased
sample. For two population sets with sample sizes n, and n,, standard deviations; s, and s, and
means; ¥, and X,, the t-test can be applied by calculating t and s.

Xy =Xy

A

Equation 4.4
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Equation 4.5

where:

. \/(nl—-l)s12+(n2—l)s§

n+n,—2
The confidence limits on the difference is given by:

0.5
tts (}/ + }/ ) e Equation 4.6
1y 7,

In a case in which time-dependent variations are being tested between two methods, the t-test
is applied by using:

d .
t= Equation 4.7
Sa / Vn
where: 84 = standard deviation of time-dependent data
n = population size
- ) d;
d = mean difference = 2.4
n
d, = difference = x, —x,
Equation 4.8
The confidence limit in this case is given by:
+ 15 Equation 4.9

“n

where t is obtained from the t-tables ahd is a function of the level of confidence and the
degree of freedom (n-1).
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4.2.4 F-TEST

The f-test is useful for comparing two variances (Napier-Munn, 1994). As mentioned earlier,
the t-test can only be used in cases where there is no significant difference in the variances
implying that the f-test is a prerequisite for the t-test. Equation 4.10 is used for the f-test.

F=s}/s? Equation 4.10

with s, being the larger standard deviation i.e. F >1.

The value of F calculated is compared with F, obtained from the F-table. The degrees of
freedom have been calculated as n;-1 and n,-1. For the difference not to be significant, F, > F
and vice versa,

4.2.5 ANALYSIS OF VARIANCE (ANOVA)

The ANOVA is a statistical tool that is used to assess the significance of several variances.
This is done by using the f-test to analyse the variances of the means (Napier-Munn, 1994).
Aside from its usefulness in determining the significance of several means, the ANOVA can

also be used to analyse the data obtained from factorial experimental designs and randomised
blocks.

In a case where the viabilities of two fermentation experiments are being compared, there will
be three possible sources of variations: fermentation, time and error. Thus, these variations
can be evaluated by the sum of squares (SS) which for fermentation is given by Equation
4.11.

2
S8, = i n, (%, =%} —————  Equation 4.11
i=1
where: k number of fermentations
X = overall data mean
¥ = mean of the i fermentation
n, = number of replicates for the i fermentation

The residual sum of squares after all the variations have been accounted for is the sum of
squares due to error and is given by Equation 4.12.

" 2 2

SS0=Z(xU—)—cl) Fonen. +i(xﬁ—fk)
=

J=l

Equation 4.12

where: x; is the j*" observation for the i fermentation. The total sum of squares is the sum of
the variations (sums of squares) due to fermentation, time and error.
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An exaxhple of atwo-way ANOVA in which two or more factors are investigated, calculated
by the use of Excel Analysis tool pack is given in Figure 4.1.

Anova: Two-Factor Without Replication for yeast collected on different days

Sampling time (hy) Count Sum Average Vadance

0 2 195 97.6 0.045

1 2 194 26.9 0.011

3 2 196 98.0 0.216

4 2 196 98.1 0.007

6 2 195 97.6 0.027
Day1 5 488 97.6 0.207
Day2 5 488 97.7 0.307
ANOVA
Source of Varation $s df MS F P-value F ...  Confidence Level (%)
Rows (Sampling time) 177 4 0441 6.08 0054 639 94.6
Columns (Experiments) ~ 0.015 1 0.015 0.207 0.673 771 327
Error 0.291 4 0.073
Total 2.07 9

Figure 4.1: An example of Two-way ANOVA without replication

where: SS = Sums of squares
df = degrees of freedom
MS = Mean squares

F e Calculated f-value
F_. P F-value obtained from F-table

ot

P-value= Probability that there is no significant difference

In Figure 4.1, it is seen that F is much less than F_; in looking at the variations between
experiments, hence the reason for the low probability value (32.7% probability). Further,
there is 2 94.6% probability that there is a significant difference between samples collected at
different times. In conclusion, there is no variation between experiments but the time at
which the sample is collected is very important.

. ﬁ")
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4.3 EXPERIMENTAL VARIATIONS

The yeast suspensions used in the experiments were collected from the SABMiller Brewery in
Newlands, South Africa on different days of the week. As it was difficult to carry out
experiments on the same day and on the same yeast sample due to the constraints of the
number of experiments to be conducted, samples were collected on different days and
experiments carried out on yeasts with different histories. The histories of yeast samples have
been classified using the day of sample collection and their generation numbers. The variation
in the samples were statistically analysed using ANOVA and the samples were said to be
significantly different at the 90% confidence level if their probability is greater than 0.1.

4.3.1 VARIATION BETWEEN YEAST COLLECTED ON DIFFERENT DAYS

Two sets of experiments, conducted using a Rushton impeller at a speed of 400rpm with the
refrigerator temperature set at 14°C, were compared. The viabilities of these runs were used to
determine if there are variations between experiments. The sets of data compared had a wet
weight concentration of 45.0%. The confidence level that a difference existed between these
experiments was calculated to be 32.7%; hence it can be concluded at the 90% confidence
level sought that there is no significant difference between experiments (Appendix C1).

4.3.2 VARIATION BETWEEN YEAST GENERATIONS

In these experiments, yeast suspension had been collected across a range of generation
number (ie. cycles of re-use within the brewery). Two analyses are presented here to
investigate the influence of yeast generation number. In the first case, yeast cream having a
wet weight concentration of 62% was subjected to mechanical stress at an impeller speed of
400rpm with a Rushton turbine in two experiments. The only difference between these was
that the yeasts were of different generations: 1% generation and 4% generation. The ANOVA
data are presented in Figure 4.2. In another scenario, the viabilities of 4" and 7* generation
yeast cells were compared (Figure 4.2). These yeast suspensions had a concentration of 55.0%
wet weight and they were agitated at 200 rpm using Rushton turbine at 4°C. In both cases,
there was no significant difference between the viabilities measured across different
generations. The confidence levels were calculated to be 32.3% and 66.7% respectively.
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Anova: Two-Factor Without Replication for Yeast Generations

Scenario 1
Sampling time (hr) Count Sum Average Varance
0 2 190 94.9 1.07
1 2 185 925 8.64
4 2 194 97.2 0.108
6 2 191 95.3 1.92
8 2 183 916 472
Generation 1 5 470 940 6.07
Generation 4 5 473 94.6 7.75
ANOVA
Source of Variation 88 daf MS F P-value Fent Confidence Level (%)
Rows (Sampling times) 396 4 991 253 0195 639 805
Columns (Generation) 0.785 1 0.785 0.201 0677 771 323
Error 15.7 4 392
Total 56.1 9
Scenario 2

Sampling time (hr)  Count Sum Average Variance

0 2 195 97.6 0015
1 2 19 98.2 0.162
3 2 191 95.3 8.30
4 2 195 97.6 0.199
6 2 194 97.1 0.376
Generation 4 5 488 97.6 0.443
Generation 7 5 484 96.7 3.66
ANOVA
Source of Variation S8 df MS F P-value Ferit Confidence Level (%)
Rows (Samphng times) 9.47 4 237 1.36 0.386 639 614
Columns (Generation) 210 1 2.10 1.21 0333 771 66.7
Error 6.95 4 1.74
Total 18.5 9

Figure 4.2: Two-way ANOVA for testing variations between yeast generations
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4.4 REPRODUCIBILITY OF METHODS

Through analysing between 4 and 6 equivalent samples using the analytical method in
question, the reproducibility of the methods was tested. The average, standard deviation from
the mean and the coefficient of variance were calculated and in some cases, the two-way

ANOVA was used.

441 VIABILITY

Table 4.1 shows the average, standard deviation and coefficient of variance of 5 readings of
same sample for the methylene blue staining method. Robinson (2001) found the coefficient
of variance for the methylene blue staining method to be 0.95%. The coefficient of variance
for this method is 1.0%. The confidence limit of the viabilities at 95% confidence level was
calculated to be 1.1%. Hence, the difference between two viabilities will be considered to be
statistically significant if it is greater than 1.1%.

Table 4.1: Viability Statistics

Sample No. Viability
(%)
1 94.0
2 93.2
3 92.9
4 93.4
5 95.2
Average 93.7
Confidence limit at 95% confidence level +1.1
Standard deviation 0.95
Coefficient of variance (%) 1.02

The t-test and f-test were applied to compare 2 equivalent samples for which 5 single readings
were taken for each sample. The f- and t- test analyses are presented in Figure 4.3 and
Appendix C2. It can be concluded that the differences between the variances and means are
not significant. For the means and variances respectively, the one-tail probabilities are 0.206
and 0.383. The t-test used assumed the replicates had unequal variances. Since the
probabilities obtained in both cases were much greater than 0.1, this implies that there is no
significant difference between the means and variances of these two samples.
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F-Test: Two-Sample for Variances

Sample 1 Sample 2

Mean 93.68 93.07
Variance 0.91 1.21
Observations 5 4
df 4 3
F 132
P(F <=f) one-tail 0.384
F Critical one-tail 6.59

t-Test: Two-Sample Assuming Unequal Variances

Sample 1 Sample 2

Mean 93.68 93.07
Variance 091 121
Observations 5 4
Hypothesized Mean Difference 0
df 6
t Stat 0.880
P(T <=t} one-tail 0.206
t Critical one-tail 1.94
P(T <t} two-tail 0.413
t Critical two-tail 245

Figure 4.3: t-test and F-test for the viabilities of two equivalent samples

4.4.2 PROTEASE

The protease assay gave a relatively higher coefficient of variance as compared with that
recorded in literature. Robinson (2001) found the coefficient of variance for samples with an
average protease absorbance of 0.6 to be 4.1%. The standard deviation calculated in this study
from 4 samples of fresh yeast was 0.001 resulting in a coefficient of variance of 3.7% and
4.2% for 2 replicates (Table 4.2). The confidence limit of the protease absorbance at 95%
confidence level was calculated to be 0.002 (Table 4.2). This value refers to the statistically
allowable limit (difference between any two protease absorbance readings). Thus, if this
difference is greater than 0.002, it would be considered to be statistically significant.

The t-test assuming equal variances was used for these replicates and it was concluded that
the means are only 60.0% significant (one-tail) implying insignificant difference (Appendix
C2). The same conclusion of insignificant difference can be made for the variances, as they

were only 58.4% significant.



Reproducibility of Results 4-10

Table 4.2: Protease statistics

Sample No. Protease Absorbance
Experiment 1 Experiment 2
1 0.034 0.035
2 0.034 0.032
3 0.033 0.034
4 0.036 0.035
Average 0.034 0.034
Standard Deviation 0.001 0.001
Confidence limits at 90%
confidence level +0.002 +0.002
Coefficient of variance (%) 3.7 4.2
443 VITALITY

The statistical significance gained from the assays used in determining the state of metabolic
activity of the yeast, using the Excel analysis toolkit is given in Section 4.3.3.1. The
reproducibility of the vitality experiments is explained in Section 4.3.3.2.

4.4.3.1 Assays

Five single-time replicate samples were analysed for glucose concentration and the results
obtained are recorded in Table 4.3. The coefficient of variance for this method was found to
be 1.7%. The substrate utilisation curve in Figure 4.4 confirms the reproducibility of the DNS
method for glucose assay. In the case of biomass concentrations, the coefficient of variance is
4.2% with a standard deviation of 0.08 X 10° cells/ml (Table 4.3). The confidence limits (95%
confidence level) for glucose concentration and biomass concentration are 0.01 g/1 and
0.12x 10° cells/ml.

Table 4.3: Vitality statistics

Sample No. Glucose concentration Biomass concentration
(/1) (10¢ cells/ml)

1 0.64 1.83

2 0.64 1.72

3 0.62 1.88

4 0.62 1.88

5 0.63

Average 0.63 1.83

Standard Deviation 0.01 0.08

Confidence limits at 95%

confidence level +0.01 +0.12

Coefficient of variance (%) 1.7 4.2
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Figure 4.4: Reproducibility of small-scale fermentation

4.4.3.2 Reproducibility of small-scale fermentation experiments

The growth, substrate unlisation, viabiliry, budding indices and carbon dioxide formation and
cell dry weight curves obtained from 4 small-scale fermentation replicates were compared in
Figure 4.4, The ANOVA was used to conclude whether there 15 a difference berween the
replicative samples. A summary of the probabilitics obtained are shown in Table 4.4 and of all
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the results, carbon dioxide formation and the viability data are not reproducible at a 90%
confidence level. The full ANOVA table is recorded 1n Appendix C3.

Table 4.4: ANOVA for small-scale fermentation

| Parameter Probabilicy Confidence Tevel (%)
Time | Sample " Time Sammple
| Viability 2.01%10% | C.0987 9999 50.13
Binmass concentralion T 00037 | S5003 0 99.63 49.97
c Celldry weight 01024 ¢ 02081 | 8978 79.19
(3lucase concentration 1115107 03457 =59.99 63,63
Buddiny Index B 16651012 | 0.9341 =995 £.59
Carbon diexide tormaticn G R i 0.2025 =99.549 ; 9975

It can be concluded from Table 4.4 that the difference in the viability and carbon dioxide
formation data arc significant at 90% confidence level. Consequently, these sets of dara will
not be used in analysing the small-scale fermentation data. However, the time profiles are
more than 99.0% significant which is expected. This sigmficance is as a result of cell growth,

4.4.3.3 Error in Growth calculations

Table 4.5 is a summary ol coellicient of variance, standard deviation and average [or the 4
replicate small-scale fermentation experiments. These values have been caleulated for growth
rates, biomass yield, carbon dioxide vicld, substrate utilisation rate, carbon dioxide [ormartion
rate and change in cell concentration.

Table 4.5 is consistent with the result obrained in Section 4.3.3.2 for carbon dioxide
formation rates. In Tahle 4.5, the ecoeflicient of variance for the carbon dioxide formation
rates 1s the highest, almost 40%, The high coefficient of vaniance tor the carben dioxide
formation rates establishes that the carbon dioxide data can not be used. Next to the high
variatiotis in carbon dioxide formation rares are the substrate unlisation rates wicth a
coefficient of varlance of 17.7%.

Table 4.5: Reproducibility of vitality calculations

sample Moo Aniax A LT Wi 4 Qe
A0 cells mducese) | (np00 A ell glocaes) (/1 heh gl ezl
{nc') averace | exponentizl | svermpe | expomenicl | sversge | espoanenal | aversor | cxponential
1| 01022 258 045 137 100 2Th -o 13 -0.C 0.L7 [FR
I CILC[DE 235 L3 154 1.06) 435 S -.15 018 .55
A G Ll [Gsnd) 151 33 137 1.19 133 -5.14 -1 023 1
4| COBL 0997 211 o LAa4 0,50 Al =512 012 L5 0aah
Awcrape 2103 59 C4c 143 1.04 357 -5 14 .12 [ Cig
Stamlard Deviation i 021 sl pefls ] 012 25k oz .0 0oz 0o
Coelficienr of wananc 166 el 5.2 Sk 11 1£h 121 bireed 1. 85
s
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444 HAZE ANALYSIS

To interrogate the haze analysis, two yveast suspensions were used. An untreated veast
suspension with a wet weight of 55.3% was analysed in quadruplicate ([Fgure 4.5a, Figute
4.6a). A yeast suspension with concentration of 54.4% based on wet weight and 14.3% based
on dry weight that had been subjected to shear stress at an impeller speed of 400tpm with a
Rushton turbine was analysed in duplicate (Figure 4.5b, Figure 4.6b). Figure 4.5 gives the
particle size analysis of the range 0 to 50 pm while, Figure 4.4 homes into the region in which
haze is prevalent ie, 0t 2 pm. An analysis of these particle size dismibutions in terms of
average particle size and ratio of haze materal to total material (A,/A.) are presented in Table
4.6.

(a) {b)
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Figure 4.5: Parucle size distribution of yeast suspension (complete range)
{a) — Untreated veast suspension; suspension concentration of 55.3% based on wet weight
[b) = Treated yeast: 54.4% wet weight; Impeller: pitched blade, Blirpm; Termperaiure: 42C
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Figurc 4.6: Particle size distribution of untreated and treared yeast {sizes < 2pumy)
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Table 4.6: Reproducibility of Haze analysis

Sample No, Average Particle size (Xsp) AafAr
fpm) (%)

Yepsl Lreatment Uatreated Treated Untreated - Treated
1 9.24 947 R 0.54
2 913 .48 0.14 D
3 9,48 N 01z !
4 #.96 C.14

i Mverage .20 9,15 ool4 0.55
Stanclard [eviation ! 0.22 T o0z 0.9
Covlficient of variance (%) 24 42 13.8 4.8

The two-way ANOVA was used to analyse the particle sive distribution data and it was
concluded that there is no significant difference betrween the 4 untreated samples or berween
the 2 treated samples despite the fact that the sample size is small (2 samples as opposed 1o 4
samples) at a 90% confidence level (Appendix C4). The particle size distribution method ts
therefore reproducible. Difference between the haze present before and after shear stressis
clearly seen.

4.5 REPRODUCIBILITY OF MIXING FXPERIMENTS

The reproducibility of the mixing data depends on a number of operating variables such as:
cell concentration, impeller speed orextent of agitation, Lracer amount, alr entrainment and
injection port. To llustrate how the cell concentration affects the mixing time, Figures 4.7, 4.8
and 4.9 are shown. In Figure 4.7, the yeast suspension used has a concentration of 41.9% wet
weight. Tt can be clearly seen that the data is reproducibility although by the sizth addidon, the
tracer concentration is high and the dara becomes less reproductble. It is possible thar the
diflerence in salt concentrations causes osmotic stress to the veast. As the suspension
concentration increases first to 52.3% wet weight (Fioure 4.8) and later to 62,8% wer weight,
the mixing data becomes less reproducible. Generally in these cases, the solution only reached
16.7% homogeneity after 10 minutes of mixing when the yeast concentration 1s 52.3% wet
weight (Figure 4.8) and less than 12.0% homogenetty at 62.8% wet weight, Further, the 17
sample tends to attain some form of homogeneiry whilst subsequent additions give negative
changes in conductivity. Thus, it can be concluded that the more the number of subsequent
additions and the higher the suspension concentration, the less reproducible the mixing daca

}_Jt! COILe.
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Figure 4.7: Reproducibility of replicanve miving dara at 41.9%0 wet weighe

SusSpension concentraton: 41.9%y vt wcighr. Irnpull&r: Rushton murbine ar 400 rpn.

Temperature: 14°C
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Figure 4.8 Reproducibility of mixing data at 32.3% wet weighr.

Suspension concentration: 52.3% wet weight. Impeller: Rushton turbine ac 400 rpm.

Temperature: 14°C

Samples | and 2 represenr slara colleeted follsdng cach of 2 soquendtal additions of trager o the same yeast suspensin
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Figure 4.9 Reproducibility of mixing data at 62.8% wet weight,

Suspension concentration: 62.8% wet weight. Impeller: Rushton turbine ar 400 rpim.

Temperature: 1420

Samples 1 oo 3 represent data collecred following cach of 3 sequenoal additions of tacer o the sane veast suspension

The two-way ANOVA was used to determine the varations in 3 replicates of mixing

experiments conducted using yeast suspension with concentration of 36.1% wet weight and
Bushton turbine at an agitation rate of 800 rpm at 14°C. The data are reproducible with
probability of (477 (Appendix C5). Data obtained using a nitrogen blanket were not
significantly different at & %% confidence level from those obtained with the reactor open to
the armosphere {Appendix C6). The probability obtained in this case was 0L168 implying that

the difference is only significant at 84.2% confidence level.

The mixing data obtained from 5 replicates determined using the Rushton turbine at a speed

of 3Hhpm and 2 yeast concentration of 23.4% wet weight shown in Figure 4.1 arc recorded
in Table 4.7. The cocfficicnt of vatiance of the final 40 data points did not exeeed 5.0%.
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[hgute 4.10: Reproducibility of mixing nme, t,.

Suspension concertiration: 23.4% wet weight. Tmpeller; Rushton turbine at 300 gpm.

T emperamre: 14°C.

Samples 1 10 5 roproaont datn collected fnllowdng cach of 5 scquontal edditions of trecer o the same yeast suspension

Table 4.7: Coefficient of variance and standard deviation for mixing time obtained

from the data in Figure 4.8

Sample o, Mmxing time, t,,
)

b s
i i 12
2 " 18
3 p? 13
4 E? 11
> 3 15
Average Sk 15.9
Confidenee limil at 95% confidence level 016 A5
Srandard Dievinrion 1,54 3.0
Coefficient of variance 7Y 210
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4.6 DIsSCUSSION AND CONCLUSIONS

The t-test, f-test and ANQV A were the statistical tools used to analyse the results obtained
{rom the investigation into the elfect of agitation on yeast quality. The t-test was used to
check the significance of the difference berween two means while the ftest was vsed for
comparing two variances. The ftest is a prerequisite to the t-test because one of the
requirements for the validity of the ttest 1s that the vartances of the population bemng tested
are not sizaificantly different. Conversely, the ANOVA is used to gauge the sigmficance of

several means.

Y east suspension ¢ollected on different days were tested for significance by the use of the
ANOVA and it was concluded that the there is no significant dilference 1n the time profile of
the viabilities of the yeast suspension collected on different davs. Furthermore, there were no
observed vartations in the viability/time profiles of veast suspensions of different generations.

The coelticients of vartance for the different analytcal methods were caleulated. For the
methvlene blue staining methed, it was found to be 1.1%. In addition, the differences
between the variances and means of two replicates of 5 single methylene blue staining
samples were found to be insizniticant. For the protease assay, coefficient of variance was
about 4.0% with there being no signilicant difference in the variances and means of 2
replicates of 4 single samples, The differences between size distribution curves tor the
amount of haze found in treated and untreated yeast were found to be insignificant, Further,
the coellicients of vanance for the amount of haze were 13.8% for untreated yeast and 4.8%

lor treated yedast.

Vitality was quantified by performmng small-scale fermentations and monitoring the growth
rates, glucose utilisation rates, product formation rates, viabilities and budding indices over a
period of 24 hours. For glucose assay and biomass concentrations, the coeffigients of variance
were 1.7% and 4.2% respectively. In addition, the time profiles for 4 replicate small-scale
fermentations were tested with ANOVA and the viabnlity and carbon dioxide lormation data
were found to be stgnificant at a 93.0% confidence level. Consequently, the carbon dioxide
formation and viability data are not reliable. The coefficients of variance for some of the
growth parameters such as carbon dioxide [ormation rates and growth rates were quite high
{2 20%).

Finally, the muxing data were found to be less reproducible the higher the cell concentration
and the more the number of tracer additions. In comparing the data obtained [rom
experiments conducted with a nitrogen blanker and these obrained without, there is no
signilicant dillerence between these sets of data. This shows that as long as the injection
points are the same and if the flow rate of the nitrogen 2as is moderate, the mixing data
would be reproducible. The coeflicients of varianece [or mixing times at 67% and 953%
homogeneity were found to be 7.89% and 21.6% respectively.
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CHAPTER 5: RHEOLOGY AND MIXING

51 INTRODUCTION

The methads by which the degree of mixing in the vessel and rheology of the veast
suspenston were determined arc reported in Chapter 3. On characterizing the rheology ol the
veast suspension the apparent viscosity was determined as a function of shear rate, which
consequently helps to derermine the nature of the fluid, Reynolds Number and the power
dissipated per unit volwne under the range of mixing conditons, Reynolds number is
important in deterniining the type of flow in the vessel and power dissipated per umt volume
relates 1o the encrgy consumption of the impellers. Mixing time gives an indication of the
degree of mixing in a vessel.

Chaprer 5 focuses on the rheology of the veast suspension and the degree of mixing artained
at different concentrationsand ag,ilal,iun intensitics, Tn Scetion 5.2, the rheogram and rheo|og}'
parametcrs arc discussed while Section 5.3 [ocuses on the degree of mixing, In Section 5.3,
the mixing times are reported for 66.7% and 95.0% homogeneity of the final conductivity,
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5.2 YEAST RHEOLOGY

The rheology of the fluids was determined by using the VT520 Haake concentric cylinder

viscometer to measure the apparent viscosity (U} as a functon of shear rate (¥) and obiain g
rheogram. Rheograms were obrained for veast suspension concentrations between 10 and
60% wet weight (1.5 and 13.3% dry weight) as well as 2% CMC solution and are presented in
Figure 5.1. From the data presented i Figure 5.1, it is apparent that the veast suspension is a
pseudo-plastc flud (Le. the apparent viscosity decreases with increasing shear stress) between
the concentration ranges of 2000 to 66.3% (based on wet weight). As the cell concentration
reduced below 200, the theology approximated as a Newtonian fluid ie the viscosity is
independent of the shear rate. In the higher concentraton ranges (58.3 to 66.3%4%), the yeast
suspension had yield stresses that increased as the suspension concentraten increased. At the
yeast suspension concentration of 58.3%, the value of the yield stress was 14 Pa and 20 Pa at
a suspension concentration of 66.3%. Equation 5.1 whach 1s a power law accurately described
the relationship between shear rate and shear stress in the yeast suspension concentration
ranges of 200 to 44.0% while, Equaton 5.2 (Herschel-Bulkley model) describes the
refanonship i the higher yeast suspension concenmaunon ranges (583 to 66.3%). The
theology of the CMC solution is similar to that of the yeast suspension in the intermediate
comcentration range {between 3000 and 44.0% wet weight).

A0 4 oY g
b, W——
s o 105% |
250 el * 20.0%
- !
o s 0%
et
= ® 58.3%
e =&6.3%
L. .
E 15.0 ] | 20 CMIC
% i
& 10.0 1
o
_.,—-'—_'_'_'_'___
g I s
i g™ == -J__'_.“_H_i____....————'_-.
= B e, S —
DU T T T T T T
0 a0 1C0 iEL 211 250 300 350

Shear rate, ¥ (s7)

Figure 5.1: Rheograms for cropped yeast suspension with concentrations in the range of 10 to
66%0 wet weight.
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Pseudoplastic fluads can be described by either the power laws

UL=KY o mmmi—ee——— Eguation 5.1

ot the Herschel-Bulkley model:
H=To+ Ky - Dygualien 52

where W 13 Lhe viscosite (¢
[£, the consisteney index.
¥, the shear rate (s7)
11, the flow behaviour index and

T, the 7ield stress (1)

Figure 5.2 shows the rheolopy parmmnelers noand K obmined graphically fram the plat of 1n
W against In . These parameters were defined in Equation 3.1 and 3.2, The R values obtained
{rom the lineur regression ure shown in Table 5.1, The lincar regression abtained for the peast
suspension i the lower concenteation ranges of 103% wel weipht had 2 low R value
suggesting that the level of uncertuinty in the values of I and n hay given by the poswer law fit
is higher. The consistency index inercased while the flow bohaviour indey decreused as the
yeast suspension concegnoranon ncreased. Jhe flow bebaviowr index obtaned for CMOC
solution was found to be (L8 which 1s wirthin 2 5% of the lieratute value (Kouda e 4, 19961
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Figpure 5.2: Rheological parameters for differenl yeusl suspension concentealions modelled by

the prweT L,
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Pseudoplastic fluids can be desecribed by either the power law:
n=Ky" Eqgquation 5.1

o the Herschel Hu|k]u:,' trondel:

H=T Y s S Hi_luu.l.i{m 5.2

where: |l is the viscosity {c}F)
K, the consistency mndex.
¥, the shear rate ()
n, the flow hehaviour index and
To, the yield stress (Pa)

Figure 5.2 shows the rheology parameters n and K obrained graphically from the plot of In

p against In . These paramcters were defined in Equation 5.1, 'The R* values obtained from
the linear regression are shown in Table 5.1. The linear regression obrained for the yeast
suspension in the lower concentration range of 10.5% wet weight had a low R® value
suggesting that the level of uncertainty in the values of K and n has given by the power law fit
is highet. The consistency mdex increased while the flow behaviour index decreased as the
veast suspension concentration increased, The flow behaviour index obtained for CMC
solution was found to be (.80 which is within 2.5% of the literature value (Kouda ef @, 1996).

* Y — = = = 25.0
[

.93 + s

1871 T+ s 5 + 200 Ty
= \ 74 =
'é e & ;&
= 634 , 7 4150
E 1 A
=) e 7
2 050 + &
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e x phicar —'-'—'_'_'I_'_'_r‘ ) " I
2o F - i . T T ] T U.U
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Figure 5.2: Rheological parameters for different yeast suspension eoncentrations modelled by
the powet law.
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Table 5.1: R? values for the rheological parameters in Figure 5.2

Wet weight T, n K R2

(%) (Pa) (kg/m.s»2)
10.5 e 0.713 0.027 0.7040
20.0 e 0.941 0.013 0.9380
30.0 e 0.539 0.209 0.9998
44.0 e 0.521 0.752 0.9967
583 14.0 0.080 13.8 0.9998
66.3 200 0.063 19.9 0.9981

2% CMC — 0.798 0.09 0.9958

In Table 5.2, the equations obtained from fitting the power and exponential laws to the
consistency index and flow behaviour index as a function of the yeast suspension
concentration are shown. The exponential law gives a better fit than the power law with
respect to the R? values.

Table 5.2: Rheological parameters K and n as a function of suspension concentration

Parameter Power law Exponential law
Equation Rz Equation R2

K 4*107x41 0.859 0.003¢0-138x 0.954

N 621x207 0.776 3.38e0056= 0.853

In Table 5.2: x = yeast suspension concentration based in wet weight (%)

In Figure 5.3, the relationship between yeast concentration (based on wet weight) and
apparent viscosities at typical YCV and experimental set-up agitation rates are shown. The
apparent viscosities were calculated using the consistency index and flow behaviour index
shown in Table 5.1. The agitation rates typically used in the YCV are 60 and 100 rpm which
are equivalent to shear rates of 13.4 and 22.3 5™ and those used in the experimental stirred
tank reactor (STR) were 200 and 800 rpm (equivalent to shear rates of 44.6 and 178 s™).
Generally, there is a marked increase in the apparent viscosities as the yeast suspension
concentration increase. In comparing the range of agitation rates, initially, at low cell
concentrations (less than 30% wet weight), the apparent viscosities are similar. However at
66.3% wet weight, the apparent viscosity at an agitation rate of 60 rpm is 1.6 times that at 100
rpm and 11.3 times that at 800 rpm.
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Figure 5.3: Apparent viscosities at typical agitation rates of the YCV and experimental STR.

In order to be able to predict the apparent viscosities at different cell concentrations, the
curves obtained in Figure 5.3 were modelled using exponential, power law and linear fits.
Equation 5.3 refers to the general equation of an exponential curve, Equation 5.4 to that of a
power law model and Equation 5.5 to that of a line. Other models used were the Einstein
equation shown in Equation 5.6 and the Vand equation shown in Equation 5.7 (Reuss ¢ 4/,
1979).

y = ae™ Equation 5.3
y = ax’ Equation 5.4
y=ax+b Equation 5.5
¥ =¥, (1 + ax) ~mmemmmemeeeeeen Equation 5.6
y=y, (1 +ax+ bx’) cmommmee Equation 5.7

where: y is the apparent viscosity (cP)
x, the yeast suspension concentration based on wet weight (%)
a and b are model parameters
y, is the viscosity of the supernatant (cP)

In Table 5.3, it is seen that the fits as shown by the R® values improve as.the shear and
agitation rates increase. However, in the entire range of shear and agitation rates being
investigated, the exponential and the Vand equation models give the better fits (as shown by
the R? values).
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Table 5.3: Model parameters for the relationship between apparent viscosity and yeast
concentration at the agitation rates used in the YCV and experimental STR

Shear rate (Agitation rate) 13.4 51 (60 rpm) 22.3 51 (100 rpmy)

Model Parameters vs (cP) a b R2 s (cP) a b R2
Exponential fit e 3.06 0.100 | 0.967 — 3.08 0.092 | 0973
Power law fit - 0.004 3.00 0.884 e 0.007 2.78 0.897
Linear fit — 340 -684 0.819 e 211 -416 0.835
Einstein equation -684 -20.1 — 0.819 -416 -19.7 — 0.835
Vand equation 468 0101 | 0.002 | 0.978 263 -0.102 | 0.002 | 0982
Shear rate (Agitation rate) 44.6 51 (200 rpm) 178 s1 (800 rpmy)

Model Parameters s (cP) a b R? s (cP) a b R2
Exponential fit e 3.12 0.082 | 0.981 — 318 0.063 0.989
Power law fit — 0.013 2.50 0.915 —— 0.043 1.93 0.955
Linear fit e 111 -209 0.863 e 301 -47.6 0.935
Einstein equation -209 -18.8 R 0.863 -47.6 -15.8 e 0.935
Vand equation 114 -0.103 | 0.003 | 0.988 13 -0.099 | 0.004 | 0.999

Table 5.4 shows the Vand equation and exponential model parameters for the complete data
set. Finally, Table 5.5 shows the errors obtained from using the Vand and exponential
equations to calculate the apparent viscosities in the yeast suspension concentration range
used in this study. Also, Table 5.5 shows that the Vand equation gives a better prediction in
the higher concentration ranges while, the exponential equation is more accurate in the lower
to medium concentration ranges. Another point to be noted in the use of the Vand equation
is that the minimum point is at 21.7 % wet weight (-21.7 cP) and apparent viscosity-axis
intercepts are 15.1and 28.2 % wet weight. This means that the apparent viscosity is negative
between 15.1 and 28.2 % wet weight hence, not physically possible.

Table 5.4: Vand equation and exponential model parameters for the relationship
between apparent viscosity and yeast concentration for the complete data set

Model Parameters s (cP) A b R2
Exponential fit e 2.87 0.090 0.978
Vand equation 214 -0.102 0.002 0.982

Table 5.5: Error values of the Vand and exponential equations for yeast suspensions.

Wet weight (%) | Actual value Exponential equation Vand equation
(cP) Prediction (cP) Error (%) | Prediction (cP) Error (%)

10.4 9.54 7.4 224 40.9 329
20.0 10.6 17.4 63.7 -20.4 291
27.4 41.6 33.6 19.2 -5.71 114
44.0 141 151 7.50 230 63.0
58.3 712 549 22.8 654 8.02
66.3 967 1129 i6.8 982 1.53
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5.3 MIXING OF CROPPED YEAST SUSPENSION IN THE
STIRRED TANK REACTOR (STR)

The degree af mixing of the stirred tank was determined by the use of an aliquor of 2 ml of
3M Nalll tracer wyected into 910 ml of the agitated veast suspension. The conductvity of the
resultant mixniee was monitored with fme. Twe mixing tnws have been detined, 1, and t,
whichi are the dmes taken for the conduclivity readings to reach 67% and 95% of the final
homaogeneous conduenvigy. The cocfboent of vadance for G s 7.89% and thay for ¢ is
21.6%. The method by which these coetficients of varlance wete detesmined and s

applicaLiﬂn are shown in Scecwons 3.9 and 4.4,

NG TIME WITH IMPELLER SPEED

Figures 5.4 and 3.5 show the chanpe in muxing Hime wath concentranon for agitation rates of
2006, HH), 608 and 800 pm equivalent o impdler gp speeds of .73 to 2,93 ms™, The Rushton
narbeie of standard grometry (See Section 3.7 for the dimensions) was used in this case. In
Figare 5.4 L has been plouned whilst in Fipure 5.3, &, is used. Tt is apparent from the dara
presented  that the mixing  dme degreases with ncreasing speed. At a suspension
concentration of 43.1% wer weight, there is a 10-fold decrease in lhe tnixing Hime as the
imnpeller dp speed increases by 4 fold. This decrcases 1o a 6-fold decrease in dhe mixing tines
as the apitation rate nceeases from 200 o S00 gpm 4 a suspension concentration of 37 8%,
Al 2 wel welphit suspension concenttution of 31.7% wet welghr, apiration rare has licode

abservable effect on mixing time,
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Figire 5.4 Effect of agitanon rare and yeast concentration on mixing time, ¢, using the
Bushiton turbine ar 14°C

Lepend refers fo che wer weipht %5 of yeast suspension
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Figure 5.5; Effect of agitation rate and yeast concentraton on mixing time, t,, .., using the
Eushton turbine at 14°C
Legend refers to wet weight %5 of veast suspension

The curves obtained in Fgures 5.4 and 5.5 were fitted with exponendal, power law and
logarithimic models and the model parameters have been reported as a and b in Table 5.6. OF
the three models, the power law and exponential models present a pood predicden of the
mixing time,/veast conceniration relationship. And of these two models, the power law gives 2
better fit to the expetimental data than the exponential model at yeast concenttatons of
31.7% and 37.8%. However, at a veast concentraton of 43.1% based on wet weight, the
expotiential model gives a better fit.

Table 5.0 Modelling mixing time as a function of agitation rates at 14 °C

Mixing tme, t_,;

Yeast concentration nz a8 431

{Wet weight Vo)

Misdel Parametets u B JLE 4 Is R= a b Rz

Fxponential modek {115 184 | 0.763 a7z -Das7 | oaelw 305 -092 (980

Power law miodal B48 0,323 (1.9032 3514 -1.57 L0 96 -153 (L&Y

Leogarithtnic mede] 2.55 B.62 (AT 402 437 0905 24 108 (.988
Mixing time, €4

Yeast concentration Ly 3rE 431

{Wet weight %)

Mindel Pararmetets a b R? a T R* a ls R:

Exponental roodel 19.3 L.304 LHGG 151 -1.22 O93 426 EIRNE | (1,

Povwver law mmudel 14.0 3519 | 0.997 120 -1.04} R e 142 I°h3 0155

Lapatitheric meondel 633 i4.4 0050 -141 150 1.495% =10 16l AT
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5.3.2 CHANGI: IN MIXTNG TIME WIlH CELL CONCENTRATION

Figure 5.6 and 5.7 present the daga colleeted to show the relationship berween mixing lime
and apparent viscositics and ccll concentration across a concentradon range of 28,9% to 5074
wet weight. The Rushton turbine at a speed of 400 tpm (tip speed of 1.46 ms') and 800 rpm
was used in this set of experiments. The yeast was maintained at a remperature of 14 °C. In
Figure 5.6, the mixing t,, is presented and Figure 5.7, t; is presented. As expected, the mixing
nme increases with increasing cell concentraton. However, the increase 15 small in the
concentration range of 30 1o 40% wet weight and more marked in the range of 40 0 35%.
Across the 40 to 55% concentration mnge, there is 2 3 10 6 fold increase in mixing dme.
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Concentrations below 279% have not been included because at these low concentrations, there
was gas entrainment, which affected the sensitivity of the conduetivity meter. At higher cell
concentrations { > 53%) the mixing time exceeded 30 min and was not reproducible (Section
4.4).

In order to be able 1o accuratcly predict mixing ume at different yeast suspension
concentrations, the data obtalned in Figures 5.6 and 5.7 were modeled by the use of cither an
exponential, power law or cubic model. The model parameters are shown in Table 5.7 with a,
b, c and d referring to the consianis in Equations 5.3, 5.4 and 5.8,

v=ax + b+ +d—e Equation 5.8

It can be clearly seen in Table 5.7 that the cubic model which had the lowest R® value
described the relationship between suspension concentration and mixing time the best. The
resulting cubtc curves are shown in Figures 5.6 and 5.7,

Table 5.7: Medelling mixing time as a function of yeast concentiration using Rushton
turbine at 14°C

Mixing time, t_ .,

| Agitation rate (rpm) 409 800
hodels Equations Lz Equations R?

| Exponential model - 0. 0240170 0.9148 00226854 0797
Power law 2515 by 0.381 1007 109553 ¢.722
Cubic 0.027%5.239x2 + 71 1x - 688 | 0.999 | 0.054x - 6,21 + 235x- 2920 | 0999

- Mixing time, t,,,;.,_..,

Agitation rate (rpm) | 400 800 B
bodels Equationy ! E? ' Fquaticns B2
Exponcential maodel G Resfx | 0.497 C05 40 oB24
Power law 700 0S5 " O.BE0 1.00G% L0 yh=t o762
Cubic 00eEx +9.38x 400x4+5410 T 5078 | 0.07 1x% - §.05xF + 304x - 3790 | 0997

The inconsistency of daia collected at yeast concentrations above 55% is illustrated in Figure
5.8. Here a typical raw data collected at the highest agitation rate being investigared 1.e. 800
rpm (iip speed of 2.93 ms™) with the Rushton turbine and a yeasy suspension concentration of
£3.0% are presented. The final change in conductivity should be 0.50 mS/cm. After 600 s,
only 20% of 1he final change has been effected. Not only ts mixing slow but the results are
not reproducible either as the final change in conductivity for the 1% tracer introduction 15
0.05 mS/cm, that of the 2" one £.1C mS/em while, the 3 introduction gave a final change in
conductivity of .15 mS/em.
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SIIEFFECT OF IMPILLLER EON MIXING TIMIE

In Figures 5.9 and Figure 5.10, the effect of impeller type on mixing is investigated. Two
impeller types were used for this set of experiments: the Rushton turbine and 45° pirched
blade impeller. The range of agitation rates from 200 and 800 rpm was investigated whilst the
cooling temperatire was maintained at 14°C. Yeast concentrations of 30% and 40% were
used. The tme taken for the conductivity to reach 66.7% of rthe final conductvity, b is
shown on the graph in Figure 5.9 and the time taken for the conductivity to reach 95% of the
final conductivity, t,; 1s given in Figure 510,

The Rushton turbine provided bhetter mixing than pitched blade impeller at both yeast
concentratons {30% and 40% based on wet weight} as shown in Figures 5.9 and 5.10. 'Lhe
mixing times for both impellers at an impeller tip speed of 2.93 ms' (800 tpm) and both
suspension concefittations were of the same order of magmirude. However, at the lowest
impeller tip speed of 0.73 ms ', there was a nine-fold increase when comparing the Rushton
impeller to the pitched blade at both yeast concentrations. At an agitation rate of 400 pm
(tip speed of 1.46 ms') and yeast concentration of 30%, there was a seven-fold increase in
L. and a mmne-fold increase in t .. Further, at the higher yeast concentration being
investgated, there was a four-fold and two-fold inercasc in t_; and ¢, ..
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5.4 DISCUSSION AND CONCLUSIONS

The [actors alfecunyg the achievemnent of hotnogeneity ina vessel are: the plhivsical properties
of the fluid ta be mixed especially its rheology and density; the agiiation rate of the impeller;
the energy dissipated by the impeller; and the geometry and type of the impeller and vessel
used. The vessel and impellers used were of standard geomelry (Section 3.7) thereby
climinating the effect of vessel and impeller geometry on mixing. The range of yeast
concentrations mvestugaled was between 10,4 and 66.3%: wet weight.

In this study, the rheology ol veast suspensions is dependent an the suspension
concentration. In the lower concentratian ranges [ < 20% wet weight), the rhealogy ol the
yeast suspension was approximated to be Newtonian. 'T'his was shown by the shear stress-
shear rate curves obtained for the suspension concentrations at 10.5% and 20% wet weightin
Figure 5.1. These curves which arc almost lincar suggested thal al these concentrations,
apparcnt viscosity is independent of shear rave, ‘The value of the flow behaviour index {or
yeast which has a suspension concentration of 10.5% wel weight was 0.7] (Table 5.7},
although this is much lawer than expected, it is assoclated with a rather high level ol
uncertainty (R = £.70). These results agree with thase reported by Reuss ez af. (1379) and
Rudii ef al. {197&). "T'he flow behaviour index, n decreases from .94 to .06 as Lhe veast
suspension concentration is increased from 10.5 1o 66.3% wel weight. Allen and Robinson
(1990) reperted similar results {or filamentous broths alchough the flow bebaviour index only
decreased from 1 to values between 8.2 and 9.4. Allen and Robinson (1990) showed that for
filamentous broths, there is a power law relatonship between the consistency index and the
biomass concentration with exponents that vary between 0.7 and 3.3. However, in this study
the relationship between the consistency index and the suspension concentration was found
Lo be represented by the expanential relationship (R in the range 380 t0 0.95) than the power
law relationship (R° in the range 5.78 ta 0.85),

In the concentration ranges above 20% wet weight, the rheology of the yeast suspension was
shown to be non-Newtanian, more specifically approzimated as pscudoplastic, The
rheagrams were fitted with dillerent madels: At yeast concentrations between 20 and 44.0'%
wet weipht; the power law model [ited the data best whereas at bigher yeast concentrations
(58.0 Lo 66.3% wet weight), the 1 lerschel-Bulkley model gave the best fit. Veast suspensions
at higher concentrations {38.0 to 66.3% wet weight) fitted the Herschel-Bulkley model
because they had vicld stresses that needed to be overcome before any fluid movement could
rake place. Aside [rom the cvidence that the rheology of the veast suspension at high
concentrations could be approximated with the Herschel-Bulkley madel from the shear
stress-shear rate curves, it was physically observed that there was litle fluid movement of

highly concentrated yeast suspensions at low shear rates.
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In igure 5.3, the relationship between suspension coneentrations and apparent viscosities 1s
shown. The resulting curves were modelled with exponental, power law and hinear fits as well
as the Vand and Einstein equations. Reuss ef «f. (1979) obtained a hyperbolic relationship
between volume fraction of Saccharomyces cerevisiae suspension, its packing factor (a function of
osmotic pressure) and 1ts relative viscosity (ratio ol suspension viscosity and supernatant
viscosity). This equation obtained by Reuss er af. (1972) was not considered in this study.
Statistically, the power law, linear and Einstein equation fits were poor becanse of the low R
values obtained and so would be eliminated as suitable fits. Further, the Finstein equaton 15
only applicable when the suspension concentration is less than 44% based on volume [raction
(Reuss er af., 1979). However, the Vand equation which is 4 good fit statistically (R* > 2.57)
would be eliminated becanse it gave physically unfeasible apparent viscosity values between
15.1 and 28.3% wet weight, Thus, the relationship between the apparent wiscosity and
suspension concentration is exponential because the R’ values of the regression lines were
high (> 0.95) and the errors obrained {exeluding the 20% wet weight) in using the equation o
predict apparent viscosities efl within 23%. Rudi$ er @l (1976) reported a cubic relationship
between apparent viscosity and veast suspension concentration. The reason for the difference
is probably due to the range of yeast coticentrations [between T and 12% wet weight)
investisared by Rudis er ol (1976). In conclusion, the nature of the rhenlogy of the veast

suspension as well as magnitude of the apparent viscosity 1s a function of 1ts concentration,

A relationship between the rheology of the yeast suspension and mixing time was established
by investigating the elfect of suspension concentration on tixing time. As the veast
concentration is increased from 30 to 4% wet weight, there is asmall increase in the mixing
time whereas an increase in concentration from 40 to 30% wet weight resulted in almost a 6-
fold increase In muxang time as shown 1n Figures 5.6 and 5.7, Hence, the change in mixing
time can be correlated largely with apparent veast viscosity within these concentration ranges.
The trend in mixing time shows an inverse relationship with the flow behaviour index, n

(Table 5.1).

An mmvestigation mto the ellect of agitation rate on mixing was conducted over a range of
suspension concentrations. At suspension concentrations below 32% wet welght, mixing time
18 mdependent of agtation rate {Figures 5.4 and 5.5). Here, on increasing the agitation rate 4
fold, mixing times recorded were within 8% of the average, lying within the coefficient of
variance of the analysis. However, asthe cell concentration exceeded 37% wet weizght, mixing
time became increasingly dependent on agitation rate. At an agitation rate ol 800 rpm,
equivalent to a tip speed of 2.93 ms", mixing time became independent of suspension
concertration in the concentration range investnoated. At low cell concentrations and high
agitation rates, the apparent viscosity 15 low (Table 3.3) causing an increase in turbulence and
an enhancement of homogeneity in mixing.

Of the two impeller types, the Rushton impeller gave better mixing than the pitched blade. At
a veast concentration of 30% wet weight, the mixing time obrained when using the Rushton
impeller 18 low (< 20 5) and 15 relanvely independent of the shear rate. This is because the
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Rushion impeller dissipates more power than the pitched blade thereby leading to an increase
in the energy available for mixing (Table 3.7). Further, the Rushton impeller gives radial
mixing and has good viscosity telerance which is useful when muang highly viscous [uids
(Rushton et af, 1950b).

Tn conelusion, to attain homogeneity within 3% of the time scale of the mixing process (1.e.
homogeneity being attained in 12 minutes for a 4 hour mixing process), the Rushton impeller
set at an impeller tip speed of 2.93 ms is required for yeast concentrations ranging between
30 and 40 % wet weight. However, mixing time is only one criterion 1o consider on veast
storage. The maintenance of good quality veast is imperative through minimisation of
hydrodynamic stress and that implicated by nutnient deprivation. Further, since homogeneiry
was difficult to attain in the 55-65 % (based on wet weight) yeast suspension concentration
range, 1t can be suggested that the yeast suspension is diluted to abour 40 % wet weight
{Figures 5.6, 5.7 and 5.8). Tn Figures 5.6 and 5.7, the order of magnitude of mixing time was
the same 11 the range of veast suspension concenirations between 30 and 43 % wet weight
and on increasing the concentration to 33% wet weight; there was 10-lold 1ncrease in the
mixing time, This observation confirms the need for dilution io stirred tank reacrors.
Effective mixing of diluted yeast (30 to 40 % wet weight) is possible a1 an impeller tip speed
of 1.44 ms' (agitation rate of 402 rpm in the STR used {or this study).
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CHAPTER 6: EFFECT OF INTENSITY AND

QUALITY

6.1 INTRODUCTION

The effect of intensity and the duration of agitation on yeast quality are reported in this
chapter. In order to explore the effect of the intensity of agitation, the impeller speed and the
impeller type were changed. Tn Scction 6.2, the investigation of the effecr of impeller speed
on veast quality is reporied while the cffect of Inipeller type s treated in Section 6.3, Section
6.4 15 concerned with the cffect of agitation duration on veast quality.

The methodology used to investigare the effect of intensity and duration of agitation on yeast
quality is detailed in Chapter 3. The purpose of this set of experiments is to determing if there
is deterioration in yeast quality on changing the intensity and duration of agitation and, if so,
to establish a correlation berween these.
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6.2 LFFECL OF IMPELLER SPEED ON YEAST QUALITY

To nvestigate the effect of impeller speed on yeast quality, yeast suspension obtained from
SABMiller Brewenes in Newlands was agitated in a vessel of standard gecometry at speeds of
200, 400, 600, 800 and 1200 rpm using a Rushton tutbine of standatd geometty. The duraton
of agitarion was 8 hours and the temperature of jacketed vessel kept at 4°C. The
coficentration of the suspension was adjusted with PBS solution when necessary. Samples
collected every two hours following agitation wete analysed for viability, ptotease absorbance,
vitality in subscquent small-seale fermentadons and the amount of haze gencrated according
to the methods detailed in Chapter 3.

6.2 1 VIABILITY

In Figure 6.1 and 6.2, the results obtained from investigating the effect of impeller speed on
veast viability are shown. For the conttol expernment, the yeast suspension ar the
concentration bweing investigated is stored in the fridge at 6°C withour agitation, It is cleardy
shown in Figure 6.1 thae on partial dilunon of the cropped yeast to 42.0 and 56.2 % wer
weight, there was no significant change in viability as impeller speed was increased. [Mowever,
at an uidiluted yeast concenteation of 64.0% wet weight, a decling in viability of about 3.0%
on agitation at 400 tpm and B-hour storage is shown in Figure 6.2, The decrease in viability
was slightdy more at an agitanon rate of 800 rpo At 78.4% wet weight, there was a 3.0%
decrease 1n viahility at an impeller speed of 400 rpm and a 5% decrease in viability at an

impeller speed of BOO rpm (Figure 6.2).
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Figure 6.1: Effect of impeller specd on yeast viability for partally diluted yeast suspension
following 8 hours apitation under a mitrogen blanket.
(a) - 42.0% wet weight, (b) - 56.2% wet weight
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Figure 6.2: Effect of impeller speed on viabihey of undiluted veast suspension following 8

hours agitation under a nitrogen blanket.
) - 64.0% wot weight and (bY - T8.4% wet weight

6.2.2 PROTEASE ABSORBANCE

‘Lhe effect of impeller speed on protease release was investigated across the cell concentradon
range of 50.2 to 78.4% wet weight. Release of ptoieases from the yeast cell pives a tneasure of
lass of membrane integnty. Results are presented in Figure 6.3, The high levels of protease
detected in Figure 6.3a compared with Figures 6.3b — d results from the duration of
incubation of 18 hours used at a yeast suspension concentration of 56.2% wet weight whercas
the remaining incubation periods wete 1 hour (Figures 6.3b, 6.3c and 6.3d). At a yeast
suspension concenttation of 56.2%%, the increase m protease release was seen at an unpeller
speed of 80mpm. At 400 and 60 rpm, no agnificant vanation in protease release between
the control and experiment wete obsetved. At a suspension concentration of 64.0% wet
weight, the change in ptotease amount became more pronounced. At an impeller speed of
400rpm, the change in protease release was 0005 while at 1200mpm the change increased to
0,027 (70% of control value). At an even higher suspension concentradon (78.4% wet
welght), there was a chanpe in ptotease absorbance of 3.008 at an impeller speed of 400rpm
and a chaonge of 0007 at an mpeller speed of 80lhpm. At all yeast concentrations above
6%, an mcrease in protease releise was observed on agitation at 400 rpm or greater rates, At
36% veast consistency, this inercase was only observed at 800 rpm
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6.2.3 HAZE GENERATION

In Pigure 6.4, the amount of haze penerated following the agitaton cxperiment is plorled as a
function of the agimtion rate. The amount of haze material in suspension was calculated as
the rane of the amount of haze obtamned trom the experiment 1o that obeamed from the
conrrol where haze 13 measured in terms of particalate marenal less than 2 um in diameter,
The amount of haze increases as the impeller speed is increased w 600 rprm. Ar higher

apiration races, the amount of haze released decreases {Figure 6,41y,
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6.2.4 VITALITY

In order to assess yeast vitality, the expenment and control yeast was fermented in shake
flasks anaetobically on MYPG media {Section 39.4) for 24 houts. The conirel yeast had been
stored without agitation in the refriperator at 6°C for 8 hrs. ‘The raw data for these
expetiments are shown i Appendiz I3 The growth parameters obtained from the resulrant
growth curves of the contro] yeast and the yeast that had been sulbjected to agitaton prior 1o
being grown on MYPG media arc shown in Tables 6.1 and 6.2. The general trend for the
growth rate shows its decrease as the apitation rate of the prior storage conditions nereased.
The magnitude of this dectease exceeds the standard deviation of the measurement at an
agitation rate of 600 and B00 rpm during storage. An increase i the biomass yvield was
observed on mctreasing the agitanon tate to a maximum at 400 rpm whereafter this decreased
by 2 to 4 fold. The change in the increase of biomass concentration (X /X)) did not follow
any patticulat trend while the exponential carbon dioxide yield followed the same trend as
seen by the biomass yield 1.e. a maximum carbon dioxide yield was found at 400 rpm. Finally,
the substrate utilisadon rate and carbon dioxide formanon rate {exponential phase) also
mcreased to a maxitoum at 44 tpm and thercafter decreased.

Table 6.1: Growth parametess for diffcrent impeller speeds

Speed Tl s Yeoass
{rpm) fh-t} (10 cells/g) iy (ngCO;/ cellg)
Exponental Averape Faponential Average
Cuontrol 047 032 .08 1.04 3404 0.28
200 0068 0,52 a.11 207 365 037
400 0054 dF | {111 1.21 an2 3l
adn O0tE 0.27 {1004 1.29 405 .23
B0 0024 013 2.07 1.55 3.0% 030
S *{.016 .14 +0.01 016 +0.75 +0.06

Crevisition
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Table 6.2; Utilisation and [ormation rates for dillerent impeller speeds

Speed Qs qQuos

(rpm}) (ng/h.cell) {fng/hcell}
Exponeneial Average Exponential Average

Control Q.15 0.34 o.37 0,14

200 .09 0.41 .44 0,18

4350 012 019 0.64 .22

GO0 .06 0.23 0.54 .14

RINH C.0% .34 0,34 .14

Sandard

Dieviaeion +0.02 + 005 +0.25 +0.04

$.2.5 SUMMARY AND DISCUSSION OF IMPELLER SPEED EFFECTS

Yeast suspension that had been agitated at impeller speeds between 200 and 1200 rpm [or 8
hours at 4°C was analysed for haze, protease, and viability and subjected 10 small-scale
[ermentation at 32°C for 24 hours. It is clear that as the impeller specd is increased, the

viability of the cells and the amount of protease generated increased. Therefore, there is loss
of cell membrane integrity as the agitation rate is increased and this is conlirmed by the loss
ol viahility. The amaunt of haze released into suspension reached apeak at 630 rpm while the
impeller speed at which the metabolic activity of the cells is not compromised is optimum at
400 rpm. Thus, the subsequent performance of cropped veast is dependent on prior storage
agitation rate and the foam stability and beer flavour and taste 1s compromised at medium
agitation rates.

The reason for the increase in the amount of haze as the impeller speed 15 Increased 15 thar as
the agitatlon rate is increased, the yeast suspension becomes more turbulent and the
mechanical abrasion of the cell wallis increased (Lewis and Pocrwantaro, 1991) and the cell
wall is ane ol the majar constitents of haze. As the cell wall erodes, cell contents are released
into the suspension and pratease is found in the cell content which is the reason why the
amount of proteasc inereases with agitation rate. Lrasion of the cell wall renders the cell wall
porous which can lead to cell death and hence the reason for loss of viabilicy.

6.3 EFFECT OF IMPELLER TYPE ON YEAST QUALITY

On invesrigating the elfect of impeller type on veast quality, two impellers were used: the
Rushron turbine and 45° pitched blade impeller. These two impellers effect mixing by either
radial mixing or axial mixing. The impellers were of standard geometry. The experiments were
conducted at 4 and 14°C, across a range of concentrations and at agitation rates o[ 400 and
800 rpm. The control yeast was stored without agitation in a sealed bottle in the refrigerator at

6" C.
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6.3.1 VIABILITY

Figure 6.5 relates how the different impellers affect yeast viability, From Figure 6.5, it is seen
that the cffcet of impeller type is only noticed at a higher concentration of 60.7% wet weight.
As presented In Section 6.2, at a suspension of 52.8% wet weight there 1s no significant
change in viability even at an impeller speed of 800rpm. In companson, there was 4.7% drop
int viability in using the Rushton marhine as compared with a 1.2% drop in viability in using the
pitched blade impeller at a cell concentranon of 60.7% wet weght,
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6.3.2 PROTEASE ABSORBANCE

The results of the relationship between protease absotbanee and impeller type are shown in
Figure 6.6. The yeast suspension used in this experiment had a concentration of 60.7% wet
weight, the vessel temperature was at 470 and the duration of agitation was 8 hours. In
Figures 6.6, at the lower agitation rate of 400 tpm, there was aq inercase of 0.010 in protcase
absorbance using the Rushton turbine and an increase of 0.011 in protease absorbance wath
the pitched blade impeller. However, at an impeller speed of 800rpm the increase in protease
absorbance was by 0.008 with the Rushton urbine and 0.002 with the pirched blade impeller.
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0.3.3 HAZE GENERATION

The effect of impeller gpe on the amount of haze penerated under agitaton storage is shown
in Frgure 6.7, Change m the ameount of haze s defined as the mdo of particulate matedal with
diameter less than 2 pm in the veast suspension whish had been stored {for 8 houms and

agitated compared with that which had been stored for 8 hours hut not agitated {contral}, ‘The
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concentration of the yeast suspension used to obtain the data in Figure 6.7 is 60.3% wet
weight. It can be scen that the Rushton turbine produced more haze than the pitched blade
impeller. It seems that this effect s more pronounced at an agitanon rate of 400 rpm. There
was no additional haze generated on increasing the impeller speed from 400 to 800 rpm with
the pitched blade impeller. However, on changing the impeller type from pitched blade to
Rushton turbine there was a 3.2 fold increase on the amount of haze generated at 400 rpm.
l'urther at an agiration rate of 800 rpm, the Rushton mirbine gencrated 2.1 times more haze
than the pitched blade impelier.
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WEt0rpm

A0+

Z,00 4

Z.00 -

il

Hotmplised haze amwant

Rashton Pitched

Iimpeller type

Vigare 6.7: Effect of impeller type on haze amount on aginating for 8 hours at 4°C

6.3.4 VITALITY

In Table 6.3, the growth parameters obtained from the growth curves of yeast suspension
that had been agirated by the two impeliers at 4°C for 8 hrs before being grown under
amaerobic conditions in MYPG media is shown. The growth rate in fermentatdon following
storage under agitation by the Rushton murbine is less than that of the pitched blade impeller
at 800 rpm by 0.05 h” and at 400 rpm, the difference between the growth rates 1s 0.01 b
The differerice in growth rates obtained from using the two types of impellers 1s sigmficant at
800 rpm (standard deviation is 0.02 k') but not significant at 400 rpm. The biomass yield data
showed an increase in yield following agitation with the Rushton turbine when comparng
pitched blade impeller with Rushton turbine at 400 and 800 rpm. 1In the case of the
expotiential phase carbon dioxide yield, there was a greater increase in the yield following
agitaion with the Rushton turbine compared to the pitched blade impeller. This can he
interpreted as a greater requirement for metabolic energy under these conditions.
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Comparing the two impellers at both speed settings, the yeast suspension agitated with the
pitched blade impeller utilised glucose faster during the exponential phase than the Rushton
turbine (Table 6.4). Finally, the specific rate of carbon dioxide formation is higher for
Rushton turbine at 400 rpm, in agreement with the increase in the carbon dioxide yield.

Table 6.3: Growth Parameters for different impellers

Impeller Speed B Yxss Xe/Xi Ycous
Type (rpm) (h) (10° cells/g) (ngCO,/cell.g)
Exponential Average Exponential  Average
Pitched 400 0.04 0.07 0.07 1.60 0.86 0.31
Blade 800 0.07 0.13 0.05 1.47 0.87 0.36
Rushton 400 0.05 0.71 0.11 1.21 5.02 0.51
Turbine 800 0.02 0.18 0.07 1.55 3.09 0.30
Standard +0.02 +0.02 +0.01 +0.18 +0.46 +0.04
Deviation

Table 6.4: Substrate utilisation and CO, formation rates for different impellers

Impeller Speed qs qcoz
Type (rpm) (ng/h.cell) (ng/h.cell)
Exponential Average Exponential Average
Pitched 400 0.41 0.39 0.44 0.15
Blade 800 0.43 0.37 0.47 0.18
Rushton 400 0.12 0.19 0.64 0.22
Turbine 800 0.09 0.34 0.36 0.14
Standard +0.08 +0.06 +0.11 +0.07
Deviation

6.3.5 SUMMARY AND DISCUSSION OF IMPELLER TYPE EFFECTS

Of the two impellers being investigated, the Rushton impeller effects more damage to the
yeast cells than the pitched blade impeller. Both loss of viability (5% loss) and the loss of
membrane integrity shown by viability and protease release are more pronounced when the
Rushton turbine is used. The amount of haze found in suspension gives an indication of cell
wall abrasion and integrity. The use of Rushton turbine causes a two-fold increase in the
amount of haze found in suspension. Comparing the vitality of yeast suspension that had
been agitated by the use of a Rushton turbine with that which had been agitated by a pitched
blade impeller, it can be seen that the use of a Rushton turbine leads to a greater requirement
of metabolic energy per unit growth as shown by comparison of the growth rates and yield on
carbon dioxide. This is consistent with the greater cell damage predicted for the Rushton
turbine because the radial flow pattern provides a higher shear environment. The increased
flux of metabolic energy to withstand hydrodynamic stress, as proposed here, has been
observed on growth of both Saccharormyces cerevisiae and Sulfolobus species in slurry bioreactors
(Lamaignere, 2002; Sissing, 2001; Harrison et 4/, 2003).
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6.4 EFFECT OF DURATION OL AGITATION ON YEAST QUALITY

Experiments were conducted to compare the effect of the duration of agitation over 4 hrs, 8
brs and 24 hrs on veast quality. For this set of experiments, the Rushton turbine was used at
impeller speeds of 400 and 600 tpm (1.47 and 2.20 ms™). The temperarure was kept constant
at 4'C. As the control, a yeast suspension that was stored in the refngerator ar 6 “C without
agitation for the duration of the experiment.

6.4.1 VIABILITY

The effect of the duration of agitation on yeast viahility following agitation by a Rushton
tuthine at 400 rpm and 600 rpm at 4 temperatire of 4°C is presented in Figure 6.8, The
concentrations of the yeast suspension used were 51.8 and 62.2 % wet weight. The control
yeast suspension was stored m the fridge for a duration of 24 hrs at 6"C without agitation.
The vertical axes in Figure 6.8 show the decrease in viability calculated as the difference
hetween the viabiliry of the control yeast suspension and that of the cxperiment. At a yeast
concentration of 3L.8% wet waght and an impeller speed of 400 pm, the viability did not
change significantly with the duration of agimation. By the 24" hour the loss in viability
amounted to 0.6% which is not a statistically significant change as the standard deviation for
the viability assay 15 (L95%. At an umpeller speed of 600 tpm and yeast concentration of
51.8% wer weight, no consistent trend in viability was seen with time. The increase that
accurred in the 24™ hour may be atrributed to oxygen entrainment duting sampling. At a yeast
concentration of 62.2% wer weight and an umpeller speed of 400 rpm, the change in viahility
is only significant at the 24" hour of agimtion (a decrcase of 1.9%). However, at a
concentration of 62.2% wet weight and 600 tpm, a decrease in viahility i the range 1.1
0.9% from 4 to 24 hours of agitation is observed. Howevet, the maximum decrease occurred
in the 8" hour,

g

I
E
|
|
|

[ YR

Ly
‘@

5
B

| RS 184 | [FR=h
W EE2%

14 =

Fa

14

on 4 e ol

Depease in Viability (Vosnmar- Vi)

n.E

1 ] 4 £
0. 4 s as
[
-1.0 =
524
L0 : 184
n d £

a9

Lirme of ngitwtion {h) Time of agitation {h)
Figure 6.8: [ffect of duration of agitation on yeast viability on storage at 4°C using Rushton
turbine. (a) — 400 rpm, (b — 600 rpm



Pmteise absorbance

Effect of Ttensaty and Doeration of Aaiation 6-12

0.4.2 PROTEASE ABSORBANCE

Release of mtraceliular protease under the same conditions discussed in Section 6.4.1 is
presented in Figure 6.9. According to the statistical analysis done on the protease absorbance
in Section 4.3.2, protease release is only significant (95% confidence limit} if the change in
absorbance is more than (L002. At a veast concentration of 51.8% wet weight and an impeller
speed of 400 rpm, thete 1s an inctease of 0.014 ahsorbance units m the amount of protease
released in the 1" 4 hours, an increase of 0.001 in the 8" hour and a decrcase of (.003 in the
24™ hour. At a concentration of 62.2% wer weight, thete was an increase in the amount of
protease release throughout. At the 4™ hour, the change in protease absotbance amounted to
{1013, at the 8" hour, it almost doubled o (1025 while at 24 hours, the change was found o
be (LML The control yeast also cxperienced an increase in protease absorbance of (L1
Finally, at 600 rpm and a suspension concentraton of 51.8% wer weight, thete is a shight
increase of 0.007 in the amount of protease rcleased in the 4 hour, a slight deerease of 0.006
in the 8" hout and a change of 0.008 in the 24" hour. However at a higher concentration of
62.2% wet weight, the incrcase in the 4™ hour is almost a 100%, this decreases to an increase
of 67% in the 8" hour and finally to an increase of 29.0% in the 24° hour. For the yeast
suspension with a concentration of 51.8%, the change in protease absotbance i1s most
significant in the 4" hour of agitaton while in the case of the yeast suspension with a
concentration of 62.2%, the most significant change in protease is in the 4" hout at an
agitation tate of 600 rpm and in the 24™ hour at an agitation rare of 400 rpm. The control
yeast also experienced an increase in the amount of protease release of 39.4% ((L012 in
protease absorbance) over the 24-hour petiod
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6.4.3 HAZE GENERATION

The generanon of haze as a function of the duration of agnation was studied using a Rushton
turbing ar 600rpm, a yeast concentraton of 61.0% wet weight, and a temperature of 4°C. Data
15 presented in Figure 6.0, As the duration of agitation increases the amount of haze found
i the sugpension alzo ncreazsed. In Figure 6.11, the effect of duration of agitation on the
amount of haze released 15 showi using veast suspension with a concenmration of 62.2% wet
weight at impeller speeds of 400 and 600 1pm, The amount of haze increases as the duraiemn

ot agitation increases and the effeet 1s more pronounced at 600 rpm.

3|'|:| L LAY = T 1T e i + L LR T T U H

— A R
in = in
i = i
i i i

Mormaliscd haze amoint
i
=

057 4

w001 T i
i 4 b 44
Time of agitation (h)
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044 VITALITY

To mvestigate the effect of the duration of agitation on yeast quality, a yeast suspension that
had been agitated for 4 hours and R hours at 4°C. before being grown in MYPG media for 24
hours were compared, The yeast suspension of 56.0% wet weight was agitated by the
Rushton mirbie at rates of (0 w 800 rpm and a wemperature of 4°C prot to fermentaton. In
Figure 6,12, 4-hour dara are compared with 8-hour data across a range of impeller speeds,
The growth rates arc less for the suspension that was agirated for 8 hours as compared with
the suspeasion that was agitated for 4 hours except for the 200 rpm data, The exponential
phase biomass yield is significantly mote for the suspension agitated for 8 hours but as the
speed increases above 400 pm, the difference reduces. In addition, the exponential phase
carhon dioxide yield shows a difference when comparing across durations however, the
change in biomass concentrations does not follow any particular trend.
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Comparing the cxponential phase glucose utilisation raws (see Figure 6.13) it can be stared
that the suspension that had been agitated fot 4 hours poot to fermentation ualised glucose at
a faster rate than that which had been apitated for 8 hours. Nonetheless, the carbon dioxide
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formaton rates are slightly different for the two duatons of agitation except at 600 pm,

where the difference is more pronounced.
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Figure 6.13: Effect of dutaton of agitaton on glucose utilisation and CO. formaton rale

(1) — Grlucese wilisaton rae, (0 — Carhon dioxdde formation rate

6.4.5 SUMMARY AND 1)S FEXPOSURE TIME EFFECTS

In investgating the effect of duraton of agiation on veast quality, veast suspenston was
agtated for 24 hours ar 400 rprm and 6(K) rpm and then assayed for veasi qualty ndicators,
‘Lhe more concentrated suspension [62.2% wet weight) expenenced a more pronounced
decrease in viability and an mcrease in protease release at bouy speed settings and these
increased with increasing duration of exposure indicating that the long-term exposure to

agitation leads to 4 lass af viability and metmbrane integtine. However, on dilution of the veasr
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suspension to 51.8%, the negative effect of long-term agitation on viability and protease
release is less pronounced and not statistically significant. The effect of long-term agitation on
the amount of haze released echoes that of protease release in that the amount of haze
increased as the period of exposure increased over 24 hours. Finally, in looking at vitality,
long-term agitation renders the yeast cells to require more metabolic energy. In other words,
the cells that have been agitated for a longer period do not perform as well in subsequent
fermentations.

Agitating the yeast suspension for a long period exposes them to two possible factors by
which the yeast quality could deteriorate. One is through long-term storage effects and the
other is by long-term exposure to a high-shear environment. The long-term exposure to
agitation seems to be the more significant factor, as the control yeast did not experience as
much loss in yeast quality as the agitated yeast.

6.5 CHAPTER DISCUSSION AND CONCLUSIONS

In this chapter the effect of the intensity and duration of agitation on yeast quality was
investigated. Intensity of agitation is a function of the geometry, type and the speed of the
impeller used. Impeller geometry was eliminated from the factors being investigated by using
impellers of standard geometry. A range of impeller speeds from 200 to 1200 rpm and two
types of impellers (Rushton turbine and 45° pitched blade) were used to alter the intensity of
agitation. It was concluded that the more intense the agitation, the more pronounced the loss
of viability and loss of membrane integrity. These results are supported by McCaig and
Bendiak (1985a) who observed a reduction in the viability of pitching yeast agitated at a rate
of 0.72 ms™ at 1°C for 5 days. Subsequent fermentations become less successful if the
impeller speed was increased above 400 rpm and if Rushton turbine was used at the higher
speed settings (> 400 rpm). The amount of haze released into suspension has a peak at 600
rpm. The result obtained in this study is different from that obtained by Lewis and
Poerwantaro (1991) who concluded that the duration of agitation was the only factor that
contributed to an increase in the amount of haze released. The amount of haze released in
their study was independent of the intensity of agitation and the temperature. It must be
noted however, that the agitation rates used in their study were quite low (200 and 300 rpm).

An investigation into the effect of the duration of agitation on yeast quality was conducted by
agitating the yeast suspension for a period of 24 hours and sampling at 4 hours, 8 hours and
24 hours and then analysing for yeast quality indicators. It was observed that the longer the
period of agitation, the more pronounced the loss of yeast quality and this is highly dependent
on the concentration of the yeast suspension. These results are similar to those obtained by
Lewis and Poerwantaro (1991). McCaig and Bendiak (1985b) also stated that although the
long duration of yeast storage affects its viability, it does not affect subsequent fermentations.
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These results are in contrast with those obtained in this study, in that the growth rates of
yeast which had been stressed by intense agitation and subjected to long durations of agitation
were less than the growth rates of yeast that had not been agitated or agitated for a shorter
period. In conclusion, to avoid deterioration of yeast quality, it is best to operate a 1.00l
storage vessel of standard geometry at medium impeller speed (300 - 400 rpm) and the
exposure time to agitation should not be longer than 8 hours.
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CHAPTER 7: EFFECT OF SUSPENSION
CONCENTRATION ON YEAST QUALITY

7.1 INTRODUCTION

In this chapter, the results obtained experimentally to ascertain the effect of changing
suspension concentrations on the indicators of yeast quality are shown. The comprehensive
methodology by which the data reported in this chapter was collected is detailed in Chapter 3.
The aim of these experiments is to evaluate how the changes in suspension concentration
affect the yeast quality indicators. Section 7.2 reports the effect on viability, Section 7.3 the
protease absorbance, Section 7.4 the haze generation and lastly, Section 7.5 the effect on
vitality.

An aliquot of 0.911 of yeast suspension at concentrations ranging from 40 to 60% wet weight
were placed in the experimental rig and agitated at impellers speeds ranging from 200 to 800
rpm. The impeller used for this investigation was the Rushton turbine and temperature of the
vessel was held at 4°C unless otherwise stated. Samples were taken every 2 hours and analyzed
for viability by the use of methylene blue staining method, protease absorbance by the
method proposed by Robinson (2001), haze generated and small-scale fermentation
performance.
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7.2 VIABILITY

In Figure 7.1, the yeast viability measured by methylene blue staining is reported at diffetent
suspension concentrations. The reladonship berween suspension concentration and viability
has been compared across impeller speeds (200, 400 and 800rpm) and temperatures (4 and
14°C). At 200rpm, there is no significant change in vizbility over the range of concentrations
shown (410 - 63.6% wet weight). However as the agitation rate increases to 400rpm {impeller
op speed of 0.72 ms”), a loss of vishility is only noticeable at higher suspension
eoncentrations such as a dechne of 2.5% at 63.0% wet weight at 4°C and a decline of 3.4% at
784% wet weight at 147C. At an impeller speed of 800 rpm, the loss of viability 1s even more
proncunced; a decline of 5.8% 1= seen in Figute 7.1d at an agitation rate of 800 rpm and 14°C.
Loss of yeast quality as shown by viability is mote pronounced the more concentrated the

yeast suspension is.
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7.3 PROTIIASE ABSQRBANCE

Protease release was measurcd by using the method proposed by Robinson (2001). In Figure
7.2, the general trend across concentrations is that protease release increases as concentration
increascs. There is a substantial amount of protease release in the lower concentration ranges
at 200 rpm and 4 °C (0.016 ar 41.8% wet weight and (1018 at 55.4% wet weight), However at
400 rpm and 4 °C, the amount of protease release increases, 56% increase at 51.8% wet
welght, 68% increase at 57.0°%, 96% increase at 61.2% wet weight and an increase of 123% at
63.1% wet weight. Finally at 14 °C, the increase i protease release across concentrations is
not as pronounced. The resules llustrate that there is loss of membrane integrity on agitation
under refrigerated conditions as suspension concentration inercascs. This suggests that yeast
quality on storage is influenced by the temperature history of the yeast, with resilience
decreased by exposure to deereasing temperature. This is further discussed in Chapter 8.
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7.4 HAZE GENERATION

The amount of haze found in suspension can affect beet clanty (O'Connot-Cox, 1994) and
downstream processing (Sichert ¢f 24, 1987) henee, the amount of haze found in suspension is
one of the indicators of yeast quality. In Figure 7.3, the relationship between the increasc in
the amount of haze (Normaliscd with tespect to contrel) and suspension concenttation is
shown. ‘This data was obrained by agitating the yeast suspension with varving concentrations
at 200 rpm and 6(0) rpm and 4°C and then analysing for the amount of haze (sub— 2um) by
the use of the Malvern mastersizer (See Section 3.9.4) The increase in the amount of haze has
been defiried as the ratio between the amount of haze found in treated yeast and that found in
the conmol veast. The normalised haze amount incrcases only slightly as the suspension
concentration increases at an agitation rate of 200 rpm. However, at an agitatdon rate of 600
tpm, the amount of haze genetated and the inctease in haze as the coneentration increascs is
more pronounced. This result suggests that the amount of haze is dependenr on the
concentration of the suspension. Cotisequently, the more concentrated the yveast suspension
i8, the higher the probability that the veast quality is compromised.
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7.5 VITALITY

The sets of data shown in Table 7.1 and Table 7.2 were obtained by agitating the yeast
suspension with Rushton turbine at an agitation rate of 800 rpm and a temperature to 14°C.
In Table 7.1, the growth parameters: growth rate, yields and change in cell concentration from
the beginning to the end of the fermentation process have been tabulated. In Table 7.2, the
substrate utilization rates and glucose formation rates are shown. The growth rate decreasesd
by 77.8%, the yield decreased by 66.7%, the change in cell concentration decreased by over a
100%. The change in the carbon dioxide yield was negligible as the suspension concentration
increases from 46 to 78% wet weight (Table 7.1). From Table 7.2, it can be seen that the
substrate utilization rate decreased by 100% while the carbon dioxide formation rate was not
affected by the increase in suspension concentration. Hence, the performance of yeast
suspensions in subsequent fermentations is expected to deteriorate as the suspension
concentration increases in the range 45 to 78% wet weight.

Table 7.1: Growth Parameters during fermentation following agitation under storage
at different cell concentrations

Wet weight m Yxss Xe/X; Ycouss

(%) (h1) (109 cells/g) (ngCO:/cells.g)
46.1 0.09 0.09 2.49 0.35
78.4 0.02 0.03 1.23 0.30
Standard Deviation +0.02 +0.01 +0.22 +0.04

Table 7.2: Substrate utilization and CO, formation rates during fermentation following
agitation under storage at different concentrations

Wet weight gs qcoz
(%) (ng/h.cells) (ng/h.cells)

46.1 0.68 0.17

78.4 0.33 0.16

Standard Deviation +0.08 +0.02
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7.6 DISCUSSION AND CONCLUSIONS

In this chapter the effect of dilution of the yeast suspension during storage on yeast quality is
tested. Cropped yeast was diluted into PBS to get yeast suspension of varying concentrations
and the resultant suspensions were then subjected to mechanical stress by agitating with
Rushton turbine at impeller speeds varying between 200 and 800 rpm and a vessel
temperature of 4 and 14°C. After the yeast suspension had been subjected to mechanical
stress, it was then assayed for protease release, viability and haze present. It was also used as
inoculum for anaerobic fermentation in a shake flask for 24 hours. It is clearly seen from the
results obtained that the yeast quality deteriorated as the suspension concentration of the
storage phase increased. The loss of yeast quality can be attributed to an increase in the
number of cells present in an aliquot of suspension; which increased the rate of agitation of
inter-particle interactions. Another reason for deterioration in yeast quality could be because
the efficiency of mixing was greatly reduced as the yeast concentration increased (Section 5.9).
An increase in the cell concentration leads to a power increase in the mixing time of the order
of 3 and this increase in mixing time shows the magnitude by which the efficiency of mixing
is reduced. The yeast suspension used in this study was not centrifuged to remove all traces
of ethanol and then re-suspended in PBS before being subjected to agitation. The presence of
ethanol in the yeast suspension can induce heat shock proteins and enhance cell ageing
(Walker, 1998). On diluting the yeast suspension, the concentration of ethanol is reduced and
hence, a reduction in possible ethanol stress.
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CHAPTER 8:EFFECT OF TEMPERATURE ON
YEAST QUALITY

8.1 INTRODUCTION

In this chapter the results obtained from investigating the effect of temperature on yeast
quality are reported. The method by which the data used in this chapter were collected is
reported in Chapter 3 and the reproducibility of the data shown in Chapter 4. The aim of
these experiments is to determine how the changes in the storage temperature in a mixing
vessel affect the yeast quality of stationary phase yeast. In Section 8.2, the effect of
temperature on viability is discussed. Section 8.3 reports the effect of storage temperature on
the amount of protease released, Section 8.4 on the amount of haze generated and Section 8.5
on the effect on vitality.

The yeast suspension is kept in a temperature-controlled environment in the YCV. Before the
yeast suspension gets to the YCV in the brewery process, it would have been cooled down
from 14 to 4°C in a heat exchanger. Due to this, this study investigates the effect of
temperature on yeast quality. The storage temperatures investigated in this study were 4 and
14°C. Rushton turbine at impeller speeds of 400 and 800rpm was used and the suspensions
used ranged between concentrations of 44.0% and 60.7% wet weight. Samples were taken
every 2 hours and analysed for yeast viability, vitality, protease released and the amount of
haze generated.
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Yeast viability was measured by the vse of the methylene blue staining method. The
difference between the viabilities of two yeast samples is said to be significant if it 15 greatet
thant 1.1%0. In Figure 8.1, the relationship between the storage temperature and yeast viahiliry
15 shown. In Figure 8.1a, the effect of storage temperature on yeast suspension with a
concentration of 48.9% wet weight is shown and Figure B.1b is for yeast suspension with a
concentration of 59.9%. In both cases, Rushton rarbine at an apitation rate of 400 rpm
{impeller 6p speed of 0.72 ms'} was used. At 48.9% wet weight, thete is no significant change
in viability across the two temperamre settings. However, at a higher suspension
concentration of 59.9%, there is no stanstcally significant teduction in viability at 14°C
wheteas thete is 2 3.2% reduction in viability at 4°C.
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8.3 PROTEASE ABSORBANCE

The amount of protease released was measured by a modified method by Robinsen, (2001),
The difterence between the protease absorbance of two yeast samples are said to be
statistically significant if 1t is greater than 0.002. Tn Figure 8.2a, yeast suspension of 48.9% wet
weight and Rushton turbine at an agitation rate of 400 rpm (impeller tip speed of (.72 ms™)
was used and in Figure 8.2b, slightly diluted yeast suspension with a concentration of 44.0%
wet weight and an agitation rate of 800 tpm {impeller tip speed of 1.44 ms™). At a suspension
congentration of 48.9% wet weight and an agitation rate of 400 rpm, as the storage
temperature increased from 4 to 14°C, the amount of protease released increased; an increase
of 0.002 at 4°C and an increase of 0.007 at 14°C. At 44.0% wet weight and a higher agitation
rate of 800 rpm, there was no significant increase in protease absorbance at 4'C (0.002) but a
significant increage of 0.009 at 14"C.
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8.4 IIAzE GENERATION

The amount of haze generated was measured by the use of a particle size diseribunion curve
obtained from the Mastersizer. A detailed methodology for quannfying the amount of haze is
shown in Section 3.9.2.1, Figure B.3 shows how the amount of haze gencrated changes with
the storage temperatare. Rushton turbine at agitation rates of 400 and 800 rpm and the yeast
with a concentration of 6L7% wet welght was used to obtain the data in Figure 8.3, The
duration of agitation was & hours. At an impeller speed of 400 rpm (impeller tip speed of (.72
ms '), there is a slight increase (15.9%) in the amount of haze on increasing the vessel
temperature from 4 to 14°C. However, an unpeller speed of 800 rpm (impeller tp speed of
1.44 ms") and increasing the vessel temperature from 4 to 14°C led 10 61.5% increase in the
amount of haze.
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Figure 8.3; Iiffect of temperature an the amount of haze generated using Rushton turbine and
yeast concentration of 60,.7% wet weight for 8 hours

8.5 VITALITY

The data shown in Tables 8.1 and 8.2 were obuuned by agitating yeast suspension with a
concenitration of 46.1% wer weight with Rushton turbine for a duratnon of 8 hours. The
growth rate increases as the vessel temperature is increased from 4 to 14°C although the
biomass vicld does not change and neither does the carbon dioxade yield. However, the ratio
of the mnitial to final cell concentranon increases significantly (Table 8.1). The substrate
utilization rate increases as the temperature increases while the carbon dioxide formation rate
decreases slightly {Table 8.2).
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Table 8.1: Growth parameters as a function of temperature

Temperature Speed m Yxss X/ X; Ycouss
(=C) (rpm) (h) (109 cells/g) (ngCO1/cells.g)

4 400 0.05 0.07 1.21 0.51

goo 0.02 0.08 1.55 0.30
14 400 0.03 0.07 1.84 0.25

800 0.09 0.09 2.49 0.35
Standard +0.02 +0.01 +0.22 +0.06
Deviation

Table 8.2: Substrate utilization and carbon dioxide formation rates as a function of

temperature

Temperature Speed gs Gco?
(cC) (rpm) (ng/h.cells) (ng/h.cells)

4 400 0.19 0.22
800 0.34 0.14
14 400 0.54 0.12
800 0.68 0.17
Standard Deviation +0.08 +0.03

]

8.6 DISCUSSION AND CONCLUSIONS

In this chapter the effect of storage temperature on yeast quality is investigated. Cropped
yeast was subjected to mechanical stress by agitating with Rushton turbine at impeller speeds
of either 400 or 800 rpm and vessel temperatures of 4 and 14°C, The yeast suspensions used
were not diluted and their concentrations varied between 44.0 and 60.7% wet weight. After
the yeast suspension had been subjected to mechanical stress, it was then assayed for protease
release, viability, vitality and haze present. As the storage temperature is decreased from 4 to
14°C, the yeast viability decreased and the amount of haze generated increased. In the small-
scale fermentation experiments used to quantify the vitality of the agitated yeast, it can be
concluded that as the storage temperature decreased, the growth rates, the substrate utilisation
rates and the change in cell concentration (X/X,) decreased. The yield of carbon dioxide on
substrate and the carbon dioxide formation rates increased while the yield of biomass on
substrate did not change. Finally, the amount of protease released decreased as the storage
temperature increased. These results except for the protease results are similar to those
obtained by Nkosi (2001), who demonstrated that the yeast subjected to temperature stress by
rapid cooling are more susceptible to damage to the cell envelope and loss of viability. Nkosi
(2001) observed that temperature stress to yeast cells is dependent on the rate of cooling. In
this study, the yeast suspension obtained from SABMiller Brewery in Newlands arrive in the
laboratory at 15°C and would be cooled down to 4°C in the stirred tank reactor in 20 minutes
(depending on the agitation rate used), giving an average cooling rate of 0.5°C/min. This
cooling rate is higher than that recommended by Nkosi (2001), who suggested a cooling rate
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of 1°C/h. Walker (1998) also suggested that low temperature stress can lead to formation of
leaky membranes (as indicated by haze), vacuolar damage because of the shrinkage of the
yeast and cell death (loss of viability). The history (generation number, cooling rates) of the
yeast suspension prior to mechanical stress is very important. This is evident in the cooling
rates used prior to agitation. The results show that the yeast cells are more susceptible to
damage when cooled at a rapid rate and over a wider range of temperature (15 to 4°C as
opposed to 15 to 14°C).
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CHAPTER 9: CONCLUSIONS AND
RECOMMENDATIONS

9.1 CONCLUSIONS

The lager fermentation process at SABMiller involves the use of yeasts to convert sugars to
ethanol (SAB, 1993). After fermentation is complete, the Saccharomyces carlbergensis settles while
Saccharomyces cerevisiae which flocculates, is stored in the yeast collection vessel (YCV). In the
YCV, the yeast suspension is agitated and stored under a nitrogen headspace at 4°C for
between 4 and 48 hours. During storage in the YCV, the yeast is subjected to mechanical
stress through agitation, and physiological stress through temperature fluctuations, exposure
to oxygen and ethanol and possible nutrient limitations. Even though yeast cells are quite
robust and not easily damaged by mechanical stress (Walker, 1998), the extent of damage is
highly dependent on the intensity and exposure time to such stresses. The following can be
used as indicators of yeast quality: yeast viability, yeast vitality, integrity of the cell envelope,
flocculation and sedimentation characteristics and surface properties. In this study, the
biological response of Saccharomyces cerevisiae to mechanical stress by agitation was investigated
by modelling the YCV on a laboratory scale.
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Biological response of cells to mechanical stress was quantified by looking at yeast viability,
vitality and the integrity of the cell envelope. Also, the manner by which mechanical stress by
agitation can affect yeast quality was hypothesised. Agitation can lead first to minor wall
damage and later to cell membrane damage, which can be quantified by yeast viability and the
amount of extracellular protease released. Further exposure or an increase in the intensity of
mechanical stress can then lead to compromise in the cell wall integrity which can be
measured by the amount of haze generated. Loss of viability may affect subsequent yeast
performance (overall yeast quality). Yeast viability was measured by the methylene blue
staining technique, extracellular proteases by the method by Mochaba et al. (1993) and yeast
vitality by performing small-scale fermentations on mechanically stressed yeast.

The extent of damage to yeast cells by mechanical damage is dependent on the magnitude of
agitation (turbulence), the exposure time as well as the number of cells (concentration of yeast
suspension) that are exposed to mechanical stress. The concentration of the suspension
affects the rheology of the fluid which in turn affects the intensity of agitation. In order to
vary the magnitude of mechanical stress, the contents of the experimental STR was agitated at
different agitation rates with the use of two types of impellers. The exposure time of the yeast
cells to agitation was also varied between 4 and 24 hours. The extent of mixing and the
rheology of the yeast were determined at different yeast concentrations, agitation rates and
impeller types. The optimum agitation rate, exposure time, storage temperature and yeast
concentration were then identified.

The t-test, f-test and ANOVA were the statistical tools used to analyse the results obtained
from the investigation into the effect of agitation on yeast quality. Yeast suspensions collected
on different days were tested for significance by the use of the ANOVA and there was no
significant difference in the time profile of the viabilities of the yeast suspension collected on
different days. Furthermore, there were no observed variations in viability as a function of
time for yeast suspensions of different generations. The coefficients of variance for the
different analytical methods were calculated and they all fell within 15.0% of the mean. The
reproducibility of all the methods was good although the method by which the amount of
carbon dioxide formed is measured requires improvement. Finally, the mixing data were
found to be less reproducible the higher the cell concentration and the more the number of
tracer additions.

In this study, the rheology of the yeast suspension was determined at different concentrations
and it was found that the rheology of yeast suspensions is dependent on the suspension
concentration. In the lower concentration ranges (< 20% wet weight), the rheology of the
yeast suspension was found to be Newtonian. In the concentration ranges above 20% wet
weight, the rheology of the yeast suspension was shown to be non-Newtonian, more
specifically approximated as pseudoplastic. The results obtained in this study is similar to the
findings of Lenoél et al, (1987) who found that yeast suspension exhibits a pseudo-plastic
rheology at dry matter content greater than 40% pressed yeast (as estimated by the Buchner
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test) and thinner yeast suspensions have a Newtonian rheology. Reuss ez al. (1979) and Rudis
etal. (1976) also reported similar findings. The consistency index, K showed an exponential
relationship with the suspension concentration. The rheograms were fitted with different
models and at yeast concentrations between 20 and 44.0% wet weight; the power law model
fitted the data whereas at higher yeast concentrations (58.0 to 66.3% wet weight), the
Herschel-Bulkley model gave the best fit. Yeast suspensions at higher concentrations (58.0to
66.3% wet weight) fitted the Herschel-Bulkley model because they had yield stresses that
needed to be overcome before any fluid movement could take place. Reuss et al. (1979)
obtained a hyperbolic relationship between volume fraction of Saccharomyces cerevisiae
suspension, its packing factor (a function of osmotic pressure) and its relative viscosity (ratio
of suspension viscosity and supernatant viscosity). The relationship between the apparent
viscosity and suspension concentration was found to be exponential because the R? values of
the regression lines were high (< 0.95) This result is different from that obtained by Rudis e
al. (1976) who reported a cubic relationship between apparent viscosity and yeast suspension
concentration. The reason for the difference is probably due to the range of yeast
concentrations (between O and 10% wet weight) investigated by Rudis ez al. (1976). It is
established from the research that the nature of the rheology of the yeast suspension as well
as magnitude of the apparent viscosity is a function of its concentration.

A relationship between the rheology of the yeast suspension and mixing time was established
by investigating the effect of suspension concentration on mixing time. As the yeast
concentration is increased from 30 to 40% wet weight, there is a small increase in the mixing
time whereas an increase in concentration from 40 to 50% wet weight resulted in almost a 6-
fold increase in mixing time. Hence, the change in mixing time can be correlated largely with
apparent yeast viscosity within these concentration ranges. An investigation into the effect of
agitation rate on mixing was conducted over a range of suspension concentrations. At
suspension concentrations below 32% wet weight, mixing time is independent of agitation
rate. Here, on increasing the agitation rate 4 fold, mixing times recorded were within 8% of
the average, lying within the coefficient of variance of analysis. However, as the cell
concentration exceeded 37% wet weight, mixing time became increasingly dependent on
agitation rate. Of the two impeller types, the Rushton impeller gives better mixing than the
pitched blade. This is because the Rushton impeller dissipates more power than the pitched
blade thereby leading to an increase in the energy available for mixing. Further, the Rushton
impeller gives radial mixing and has good viscosity tolerance which is useful when mixing
highly viscous fluids (Rushton et a/, 1950b).

The effect of the intensity of agitation on yeast quality was investigated by either varying the
agitation rate or impeller type. Intensity of agitation is a function of the geometry, type and
speed of the impeller used. Impeller geometry was eliminated from the factors being
investigated by using impellers of standard geometry. A range of impeller speeds from 200 to
1200 rpm and two types of impellers (Rushton turbine and 45° pitched blade) were used to
alter the intensity of agitation. It was concluded that the more intense the agitation, the more
pronounced the loss of viability and loss of membrane integrity. These results are similar to
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alter the intensity of agitation. It was concluded that the more intense the agitation, the more
pronounced the loss of viability and loss of membrane integrity. These results are similar to
those obtained by McCaig and Bendiak (1985a) in which they observed a reduction in the
viability of pitching yeast agitated at a rate of 0.72 ms™ at 1°C for 5 days. Subsequent
fermentations become less successful if the impeller speed is increased above 400 rpm and if
Rushton turbine is used at the higher speed settings (> 400 rpm). The amount of haze released
into suspension has a peak at 600 rpm. The result obtained in this study is different from that
obtained by Lewis and Poerwantaro (1991) who concluded that the duration of agitation and
not the intensity was the only factor that contributed to an increase in the amount of haze
released. The amount of haze released in their study was independent of the intensity of
agitation and the temperature.

The effect of the duration of agitation on yeast quality was conducted by agitating the yeast
suspension for a period of 24 hours. It was observed that the longer the period of agitation,
the more pronounced the loss of yeast quality and this is highly dependent on the
concentration of the yeast suspension. These results are similar to those obtained by Lewis
and Poerwantaro, (1991). McCaig and Bendiak (1985b) also stated that although the long
duration of yeast storage affects its viability, it does not affect subsequent fermentations.
These results are in contrast with those obtained in this study, in that the growth rates of
yeast which had been stressed by intense agitation and subjected to long durations of agitation
were less than the growth rates of yeast that had not been agitated or agitated for a shorter
period.

Partially diluted and undiluted yeast suspensions were subjected to mechanical stress in order
to determine the effect of dilution of the yeast suspension during storage on yeast quality. It is
clearly seen from the results obtained that the yeast quality deteriorates as the suspension
concentration of the storage phase increases. The loss of yeast quality can be attributed toan
increase in the number of cells present in an aliquot of suspension as well as the fact that
mixing becomes more difficult as the concentration increases. The presence of ethanol in the
yeast suspension can induce heat shock proteins and enhance cell ageing (Walker, 1998). On
diluting the yeast suspension, the concentration of ethanol is reduced and hence, a reduction
in possible ethanol stress.

The effect of storage temperature on yeast quality was investigated by storing yeast in the
experimental STR at 4 and 14°C and agitating the vessel contents with Rushton turbine at 400
and 800 rpm. As the storage temperature is decreased from 4 to 14°C, the yeast viability
decreased and the amount of haze generated increased. Yeast growth and metabolic activity
were also negatively affected by temperature decrease. Finally, the amount of protease
released decreased as the storage temperature increased. These results except for the protease
results are similar to those obtained by Nkosi (2001), who demonstrated that the yeast
subjected to temperature stress by rapid cooling are more susceptible to damage to the cell
envelope and loss of viability. Nkosi (2001) observed that temperature stress to yeast cells is
dependent on the rate of cooling. The cooling rate found in the experimental STR was
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stress could lead to formation of leaky membranes (as indicated by haze), vacuolar damage
because of the shrinkage of the yeast and cell death (loss of viability). The history of the yeast
suspension prior to mechanical stress is very important, as yeast cells that have been
previously stressed are more susceptible to damage. The results also show that the yeast cells
are more susceptible to damage when cooled at a rapid rate and over a wider range of
temperature.

Changing the yeast suspension concentration resulted in a maximum decrease in viability of
5.8%, an increase in protease released of 0.031 absorbance units, an increase in the amount of
haze generated of 2.8 and a decrease in growth rate of 0.07h™. Varying the storage
temperature from 4 to 14°C led to a maximum decrease of 3.2% in yeast viability, an increase
of 0.009 absorbance units of protease released, an increase of 1.0 in the amount of haze
generated and a maximum decrease of 0.03 h™ in the growth rate of small-scale fermentations.
In changing the agitation rate, loss of yeast quality is highly dependent on the suspension
concentration. Comparing the interaction between the operating variables (suspension
concentration, temperature and agitation rate), the change in yeast suspension concentration
has the most significant effect on the loss of yeast quality

9.2 RECOMMENDATIONS

From the results obtained from this study, the optimum agitation rate and exposure time
above which mechanical stress to stationary phase yeast may cause damage was postulated.
The optimum agitation rate was found to be 400 rpm (impeller tip speed of 1.44 ms™) and
exposure time should not be greater than 8 hours. In the brewery YCV, the equivalent
agitation rate is 48.2 rpm. This agitation rate would be sufficiently intense to effect good
mixing and homogeneity in the YCV, if the yeast suspension is diluted to between 30 and
40% wet weight (consistency).

This study was limited to using the Rushton turbine and the 45° pitched blade impellers.
Future work should focus on using complex impellers such as the helical ribbon. These
impellers are more efficient for homogenising pseudoplastic fluids but might actually cause
more damage to the cells due to the intensity of mixing and an increase in the extent of
mechanical stress. Other yeast quality indicators such as the cell surface properties and
flocculation and sedimentation characteristics should be investigated as well.
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APPENDIX A: ASSAY REAGENTS



Assay Reagents

Al

A.l METHYLENE BLUE STAINING ASSAY

0.025% Methvlene Blue

0.25g/1 methylene blue
9¢/1 NaCl

0.42¢/1 KCl

0.48g/1 CaCl,.6H,O
0.2¢/1 NaHCO,

10g/1 glucose

in distilled water

Phosphate buffer solution (PBS)

0.1342¢/1 KCl

8.0647g/1 NaCl

0.245g/1 KH,PO,

3.769¢/1 Na,HPO,.12H,0
in distilled water

2mM EDTA

0.83g/1 EDT A-tetra sodium salt
in distilled water



Assay Reagents A2

A.2 PROTEASE ASSAY

Substrate Solution

15mg Casein, resorufin-labelled (Boehringer Mannheim, Universal Protease substrate Cat. No

1080733)
Add 3.75ml deionised, distilled water to contents

Put aliquots of 50l into eppendorf tubes
Store in deep freeze

Incubation buffer

Tris-HCI Buffer
0.2M Tris-HCI, pH 7.8, 0.02M CaCl,
in distilled water

Stop reagent

Trichloroacetic acid
5% w/v in deionised distilled water

Assay Buffer

Tris-HCl
0.5M Tris-HCI, pH 8.8
in distilled water



Assay Reagents

A-3

A.3 SMALL SCALE FERMENTATION

A.3.1 GROWTH MEDIUM

MYPG Media

3g/1 malt extract
3g/1 yeast extract
5¢/1 peptone
10g/1 glucose
in distilled water

A.3.2 GLUCOSE ASSAY

1% Dinitrosalicylic (DNS) Acid Reagent solution

10g/1 Dinitrosalicylic acid
2g/1 Phenol

0.5g/1 Sodium sulfite
10g/1 Sodium hydroxide
in distilled water

40% Potassium tartrate (Rochelle salt) solution

40g/1 potassium tartrate
in distilled water.
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Assay Methods B-1

B.1 Methylene Blue Assay

B.1.1 METHOD

This method is that proposed by Lee et 4l., 1981. The staining solution is detailed in
Appendix A1. One part of yeast slurry was diluted with 3 - 4 parts phosphate buffer
solution (PBS) depending on the suspension concentration, and 9 parts EDTA whose
function is to de-flocculate the cells. This solution was further diluted by adding 1 part of the
solution above to 9 parts of methylene blue solution. The suspension is left to stand for
about a minute before counting. Place a drop of the resulting solution on a haemocytometer
and count the number of blue cells and the total number of cells under a brightfield
microscope at 400X magnification. Viability is then calculated as thus:

Total number of cells — Number of bluecells

Viability =
rasiity Total number of cells

*100% —— Equation B1

B.1.2 REPRODUCIBILITY

The standard deviation of the viability measurements obtained from counting a samples 5
times is 0.95% and a coefficient variance of 1.02%.

Table B.1: Typical viability results

Sample No. Viability
(%)

1 94.0

2 93.2

3 92.9

4 93.4

5 95.2

Average 93.7

Standard deviation 0.95

Coefficient of variance (%) 1.02




Assay Methods B-2

B.2 Direct Microscopic cell counting:

B.2.1 MIVTHIOLD

The diluted suspension in PBS, EDTA and methylene blue seludon (Appendix Al) is placed
on the hacmocytometer and covered with a cover slip, The countng chamber is viewed
under a boghfield microscopy at X400 magnification. The chamber consists of 25 blocks
with each block consisting of 16 smaller squares, The depth of the chamber is 0.1mm and
each block covers a 0.0001mm” area, Cells are counted in all 25 blocks ensuring that an
average of 200 cells are counted in order to have a statstically significant count Cells having
less than 50% of their size enclosed in the perimeter are ignored {cell A m Figure B1), while

cells with more than 50% enclosed within the penmeter lines are counted (cell B in Figure
B1). In counting budding cells, buds that are more than half the size of the mother cell (Cell
C in Figure B1) are regarded as fully grown cclls and counted as such. However, buds that
are stnaller than half the size of the mothet cell {Cell D in Figure B1) are ignored. Thus, cell
concentratons and viabilites are calculated by using cquanons Bl and B2,

__..-...- T2, =4
o~ -
| Cell A = £2 —=
0 @ %
i & S 1 e ]
. ] ’% i odlB
— Tl o ®) /
—T=— . Sy /
Zell T = k2 —
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0 i
'|.\..\... .-J.-P.Jr

el
-
_____

Figure B1: Direct Cell count

Cell count x Dilution factor x 1000
0002501

Cell concentration(cellsfmi) = Equation B2

B.2.2 REPRODUCIBILITY

The standard deviation for cell conecntration on four repeated samples is (L8 * 10 ells el
and a coefficicnt of varance is 4.7%.




Assay Methods B3

B.3 Haze Analysis

The yeast suspension was centrifuged at 3000rpm at 4°C for 5 minutes in the Beckman J-25
Avanti centrifuge to remove the bulk of the yeast. The supernatant obtained was then
analysed for haze in the Malvern mastersizer. The settings used in the mastersizer is 50% of
the maximum pump capacity, 50% of the maximum stirrer speed and 20% of the maximum
ultrasonic power possible. The density of the yeast suspension was set at 1.000g/cmm’. The
amount of obscuration needed for good results is between 8 and 14%. In the mastersizer, a
size distribution of the sample is obtained (Number or Volume % as a function of the
particle size in pm. Haze material was classified as particles with diameter less than 2pm. A
full description of how haze is calculated is shown in Section 3.9.3.1.

B.3.1 REPRODUCIBILITY

The reproducibility of this method is well treated in Section 4.2.4. The coefficient of
variance of the average particle size of four replicates is 2.4% while the coefficient of
variance of the amount of haze in a given sample is 13.8%.




Assay Methods B4

B.4 Extracellular Protease Assay

B.4.1 METHOD

The steps necessary to perform the extracellular protease assay are listed below.

00N Ve N e

b ek et
W N e (O

Centrifuge the yeast suspension in an Eppendorf microfuge at 10 000rpm for 5 min.
Decant supernatant into a clean Eppendorf tube.

Centrifuge the supernatant for 5 min

Decant resulting supernatant into a new Eppendorf tube.

Pipette 50l substrate (Appendix A2) into fresh Eppendorf tubes (Pre-prepared).
Add 50pl of incubation buffer (Appendix A2) to substrate.

For sample add 100pl supernatant and for blank add 100pl of deionised distilled water.
Mix by tapping gently on the bench.

Incubate at 37°C for 1hr.

. Add 480 pl Stop reagent (Appendix A2) and mix.
. Incubate at 37°C for 10 min.
. Centrifuge for 5 min and decant supernatant into fresh Eppendorf tube.

. Pipette 400 pl of supernatant into 1ml microcuvettes.

14. Add 600 pl assay buffer (Appendix A2).

15. Measure absorbance at 574nm in a UV/visible spectrophotometer.
Protease Activity = A, = Ayjppy = B3

B.4.2 REPRODUCIBILITY

The standard deviation for the protease assay was found to be 0.001 on a protease activity of
0.034.



Assay Methods E-5

B.5 Small Scale Fermentation

B.5.1 METHOD

A 5ml aliquot of yeast suspension is used to inoculate 60ml of MYPG media {Appendix
A.3.0) in the laminar flow cabinet to avoid contamination. Each flask is sealed by the use of
a rubber bung fitted with a glass tube containing silica gel. The glass tube is plugged with
cottont wool which has the dual funcuon of keeping the gel irom falling into the media and
keeping contaminanes at bay. The {unction of the silica gel is to absorb any moisture
evaporating from the flask, A schematic of the small-scale fermentation is shown in Figure
B2. After inoculation, the flask is incubated in a 3¢"C shaker incubator and shaken at a speed
of 150rpm. Sampling (sample size of about 2ml) was done every twao houts for the first 8
hours and thereafter at 24 hours., The samples taken were anaiysed for biomass
concentration, glucose concentration, methylene blue viability and budding index. To
evaluate the amount of carbon dioxide evolved, the mass of the flask before and after
sampling was recorded. Therefore any weight loss 1s atttibuted to carbon dioxide.

|_
8 Rubber bung

5lass tube + silica el

\ MYTF 4 Yeast

\Fi Sampling port

Figure B2: Set-up for small-scaie fermentation

B.5.2 REPRODUCIBILITY

The reproducibiliny of the small-scale fermentation s reported 1n Session 4.2.3.2.




Ay Mezhodds B-o

B.6 Giucose Assay

B.6.1 METHOD

The steps listed below were followed in order to quantify the amount of glucose in a sample.

First, a standard curve for glucose 1s obtained by:

1
2

o % e

Dissolve (L 1g of glucose in 100 ml of disdlled water

Pipettc out O, 100, 200, 400, 500, 600, BOG, 900 pl of the above soluhon into tesr rules
and make them up to 1ml with disdlled water.

Add 60 of DINS reagent (Appendix A.3.2) to 600Ul of glucose sample into a Lest lube,
Cover the test tube with parafilm,

[Teat the mixtare at H'C for 5 min to develop a red-brown colour

Pipette 200l of the Rochelle salt and add it to the mixture to stabilise the colour

Cool to rootn temperature in a cold water bath

Record the absorbance at 574nm with the use of a spectrophotometer.

(btain a linear regression of the glucose concentation as a function of the absorbance
(Standard curve). Figure B1 shows a typical calibration curve.

Lincar regression:

Glircose concentration (gf { } = sfape * absorbance + constan{ —— Equadon B4

= =
o kel
i 1

—
Lo

Gluense concentraton {z/1)

0. -

(I (I8 Lo 1.50 e ZAC

Absorbance

Figure LGl 'l"-;'pica] stancard curee for determinaton of glun:ose COnCEniralon



Assay Methods B-7

The glucose concentration in the unknown sample was determined by:

1.
2.

Centrifuge the yeast sample at 10 000rpm for 5 min.

Decant the supernatant into a fresh Eppendorf tube and centrifuge at 10 000rpm for 5
min.

Dilute in a case where the glucose concentration is not within the linear range (< 1g/1
glucose concentration) and record the dilution factor.

Repeat steps 3 - 8 in the standard curve determination method replacing the glucose
sample with the unknown sample where appropriate.

Once the absorbance has been obtained, the glucose concentration of the unknown

sample is calculated by using Equation B4.

B.6.2 REPRODUCIBILITY

The coefficient of variance for replicate samples with a glucose concentration of 0.63g/1 is
1.7%.
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Aipendix CL: Experimental variations C1-1

APPENDIX C1 - EXPERIMENTAL VARIATIONS

Anova: Two-Factor Without Replication for yeast collected on different days

Sampling time (h) Count Sum Average Variance

0 2 195 97.6 0.045

2 194 96.9 0.011

3 2 196 98.0 0.216

4 2 196 98.1 0.007

6 2 195 97.6 0.027
Day 1 5 488 97.6 0.207
Day 2 5 488 97.7 0.307
ANOVA
Source of Variation SS df MS F P-value F;  Confidence Level (%)
Rows (Sampling time) 1.77 4 0.441 6.08 0.054  6.39 94.6
Columns (Experiments) 0.015 1 0.015 0207  0.673 771 32.7
Error 0.291 4 0.073

Total 2.07 9




\ppendic C1: Experimental variati iz
Anova: Two-Factor Without Replication for Yeast Generations
Scenario 1
Sampling time (h) Count Sum Average Variance
0 2 190 94.9 1.07
1 2 185 92.5 8.64
4 2 194 97.2 0.108
6 2 191 95.3 1.92
8 2 183 91.6 4.72
Generation 1 5 470 94.0 6.07
Generation 4 5 473 94.6 7.75
ANOVA
Source of Variation SS df MS F P-value Fcrit Confidence Level (%)
Rows (Sampling times) 39.6 4 9.91 2.53 0.195  6.39 80.5
Columns (Generation) 0.785 1 0.785 0.201 0.677 771 32.3
Error 15.7 4 3.92
Total 56.1 9




Appendix C2 - REPRODUCIBILITY OF VIABILITY AND PROTEASE DATA

Reproducibility of Viability data

F-Test Two-Sample for Variances

Sample 1 Sample 2
Mean 93.7 93.1
Variance 0.91 1.21
Observations 5 4
df 4 3
F 0.756
P(F < ={) one-tail 0.384
F Ciritical one-tail 0.152
t-Test: Two-Sample Assuming Unequal Variances
Sample 1 Sample 2
Mean 93.7 93.1
Variance 0.91 1.21
Observations 5 4
Hypothesized Mean Difference 0
df 6
t Stat 0.880
P(T < =t) one-tail 0.206
t Critical one-tail 1.94
P(T < =t) two-tail 0.413
t Critical two-tail 245




Reproducibility of extracellular protease data

F-Test Two-Sample for Variances

Sample 1 Sample 2
Mean 0.034 0.034
Variance 1.58E-06 2.00E-06
Observations 4 4
df 3 3
E 0.792
P(F < ={) one-tail 0.426
F Ciritical one-tail 0.108
t-Test: Paired Two Sample for Means

Sample 1 Sample 2
Mean 0.034 0.034
Variance 1.58E-06 2.00E-06
Observations 4 4
Pearson Correlation 0.375
Hypothesized Mean Difference 0
df 3
t Stat 0.333
P(T < =t) one-tail 0.380
t Critical one-tail 2.35
P(T < =t) two-tail 0.761
t Critical two-tail 3.18
t-Test: Two-Sample Assuming Equal Variances

Sample 1 Sample 2
Mean 0.034 0.034
Variance 1.58E-06 2.00E-06
Observations 4 4
Pooled Variance 1.79E-06
Hypothesized Mean Difference 0
df 6
t Stat 0.264
P(T < =t) one-tail 0.400
t Critical one-tail 1.94
P(T < =t) two-tail 0.801

t Critical two-tail 2.45




APPENDIX C3 - REPRODUCIBILITY OF SMALL-SCALE FERMENTATION DATA

Reproducibility of viability data

Anova: Two-Factor Without Replication

Time Count  Sum Awverage Variance

0 4 389 97.4 1.04

2 4 314 78.5 7.24

4 4 324 81.1 36.1

6 4 335 83.7 3.91

8 4 335 83.7 4.01

24 4 347 86.8 10.2

Sample 1 6 49 82.6 76.3

Sample 2 6 520 86.7 40.3

Sample 3 6 519 86.4 27.9

Sample 4 6 510 85.1 53.9

ANOVA

Sowurce of Variation S af MS F P-valye  Ferit
Rows (Time) 867 5 173 20.8 2.91E-06  2.901
Columns (Samples) 62.6 3 209 2.50 0.0987 3.287
Error 125 15 8.33

Total 1055 23




C32

Reproducibility of biomass concentration data

Anova: Two-Factor Without Replication

Time Count  Sum Average Variance

0 4 4.58 1.15 0.027

2 4 3.80 0.950 0.014

4 4 4.64 1.16 0.025

6 4 5.49 1.37 0.006

8 4 5.04 1.26 0.011

24 4 6.25 1.56 0.096

Sample 1 6 7.6 1.19 0.074

Sample 2 6 8.03 1.34 0.127

Sample 3 6 7.35 1.23 0.043

Sample 4 6 7.26 1.21 0.026

ANOVA

Source of Variation SS af MS F P-value Ferit
Rows (Time) 088 5 0.177 5.74 0.004 2.90
Columns (Samples) 0.076 3 0.025 0.825 0.500 3.29
Error 0.463 15 0.031

Total 1.426 23




C3.3

Reproducibility of cell dry weight data

Anova: Two-Factor Without Replication

Time Count Sum Average Variance

0 4 14.6 3.65 0.158

2 4 15.3 3.82 0.220

4 4 17.8 4.45 0.297

6 4 16.3 407 0.051

8 4 15.6 391 0.106

24 4 17.1 4,29 0.228

Sample 1 6 23.2 3.87 0.250

Sample 2 6 24.6 4.10 0.157

Sample 3 6 231 3.85 0.110

Sample 4 6 25.8 4.30 0.313

ANOVA

Source of Variation S§ af MS F P-value Ferit
Rows (Time) 1.78 5 0.356 225 0.102 2.90
Columns (Samples) 0.809 3 0.270 1.71 0.208 329
Error 2.37 15 0.158

Total 4.96 23




Reproducibility of glucose concentration data

Anova: Two-Factor Without Replication

C3-4

Time Count Sum Average Variance

0 4 49.3 12.3 0.096

2 4 21.5 5.39 0.093

4 4 4,73 1.18 0.001

6 4 3.84 0.959 0.001

8 4 3.04 0.761 0.002

24 4 2.82 0.705 4.98E-05

1 6 21.4 3.57 21.50

2 6 219 3.66 23.47

3 6 209 3.48 21.09

4 6 211 3.51 20.83

ANOVA

Source of Variation S daf MS F P-value Frit
Rows 434 5 86.8 2769 1.11E-21 2.90
Columns 0.107 3 0.036 1.14 0.364 3.29
Error 0.470 15 0.031

Total 435 23




Reproduciblity of budding Index data

Anova: Two-Factor Without Replication

Time Count Sum Awverage Variance

0 4 0.473 0.118 0.000

2 4 2.78 0.695 0.002

4 4 2.36 0.591 0.005

6 4 2.09 0.522 0.001

8 4 1.96 0.491 0.001

24 4 1.32 0.331 0.000

1 6 277 0.461 0.042

2 6 273 0.455 0.049

3 6 270 0.450 0.047

4 6 279 0.466 0.036

ANOVA

Sonrce of Variation SS df MS F P-value  Ferit
Rows 0.8426 5 0.169 86.2 1.66E-10 2.90
Columns 0.0008 3 0.000 0.141 0.934 3.29
Error 0.0293 15 0.002

Total 0.8728 23




Reproducibility of carbon dioxide formation data

Anova: Two-Factor Without Replication

Time Count  Sum  Average  Variance

2 4 6.60 1.65 0.020

4 4 12.0 3.00 0.129

6 4 13.3 3.32 0.180

8 4 14.4 3.60 0.225

24 4 15.9 3.97 0.308

1 5 14.0 2.80 0.455

2 5 17.5 3.51 0.933

3 5 14.2 2.84 0.690

4 5 16.4 3.27 1.29

ANOVA

Source of Variation A af MS F P-value Forit
Rows 12.6 4 3.16 46.3 3.37E-07 3.26
Columns 1.77 3 0.590 8.65 0.003 3.49
Error 0.818 12 0.068

Total 15.2 19

C3-6



\pendi Ct: Reproducibilivy of haze d

Anova: Two-Factor Without Replication for Untreated yeast samples

Purticle size ( ym) Count Sum Average Variance
0.0582 4 0.0004 0.0001 0.0000
0.0679 4 0.0012 0.0003 0.0000
0.0791 4 0.0029 0.0007 0.0000
0.0921 4 0.0066 0.0016 0.0000
0.1073 4 0.0153 0.0038 0.0000
0.1250 4 0.0352 0.0088 0.0000
0.1456 4 0.0774 0.0193 0.0000
0.1697 4 0.1594 0.0399 0.0001
0.1977 4 0.3034 0.0759 0.0001
0.2303 4 0.5235 0.1309 0.0001
0.2683 4 0.7858 0.1965 0.0001
0.3125 4 0.9643 0.2411 0.0003
0.3641 4 0.9433 0.2358 0.0005
0.4242 4 0.7886 0.1972 0.0006
0.4941 4 0.6389 0.1597 0.0006
0.5757 4 0.5368 0.1342 0.0007
0.6707 4 0.4977 0.1244 0.0006
0.7813 4 0.5915 0.1479 0.0006
0.9103 4 0.7740 0.1935 0.0005
1.060 4 0.9295 0.2324 0.0004
1.235 4 1.063 0.2658 0.0004
1.43% 4 1.143 0.2858 0.0003
1.677 4 1.120 0.279% 0.0003
1.953 4 1.145 0.2863 0.0004
2276 4 1.516 0.3790 0.0003
2.651 4 2.409 0.6023 0.0001
3.089 4 4.172 1.043 0.0001
3.598 4 6.832 1.708 0.0010
4.192 4 10.83 2.707 0.0044
4.884 4 16.35 4.087 0.0127
5.690 4 23.61 5.902 0.0411
6.628 4 32.06 8.015 0.1171
7.722 4 39.64 9.911 0.2391
8.996 4 43.61 10.90 0.3343
10.48 4 43.94 10.98 0.4784
12.21 4 41.26 10.31 0.0247
14.22 4 34.69 8.672 0.0055
16.57 4 27.71 6.928 0.0466
19.31 4 20.95 5.238 0.1020
22.49 4 14.92 3.729 0.1342
26.20 4 9.949 2.487 0.1282
30.53 4 6.155 1.539 0.0945
35.56 4 3.484 0.8709 0.0544
41.43 4 1.538 0.3845 0.0687
48.27 4 0.3451 0.0863 0.0059
56.23 4 0.0158 0.0039 0.0001
65.51 4 0.0000 0.0000 0.0000
76.32 4 0.0000 0.0000 0.0000
88.91 4 0.0113 0.0028 0.0000
103.6 4 0.0729 0.0182 0.0013
120.7 4 0.1333 0.0333 0.0044
140.6 4 0.1751 0.0438 0.0077
163.8 4 0.1870 0.0467 0.0087
190.8 4 0.1680 0.0420 0.0071
222.3 4 0.1230 0.0307 0.0038
259.0 4 0.0780 0.0195 0.0015
301.7 4 0.0330 0.0083 0.0003
Sample 1 64 100 1.563 9.101
Sample 2 &4 100 1.562 9.534
Sample 3 64 100 1.563 8.798
Sample 4 64 100 1.562 10.13
ANOVA

Sosurce of Variation 58 df MS F Pyalue Ferit
Rows (within samples) 2361 63 37.47 1220 2.37E-218 1.382
Columans (between samples) 1.069E-11 3 3.56E-12 1.16E-10 1.000 2.652
Error 5.805 189 0.0307

Total 2367 255

C4-1
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Anova: Two-Factor Without Replication for treated yeast samples

Particle size ( 4m) Count  Sum  Average Variance
0.0582 2 0.0003  0.0002 0.0000
0.0679 2 0.0011  0.0006 0.0000
0.0791 2 0.0035 0.0017 0.0000
0.0921 2 00111 0.0055 0.0000
0.1073 2 0.0351  0.0176 0.0000
0.1250 2 0.1059  0.0529 0.0000
0.1456 2 0.2880 0.1440 0.0001
0.1697 2 0.6928 0.3464 0.0001
0.1977 2 1472 07358 0.0000
0.2303 2 2.778 1.389 0.0003
0.2683 2 4.633 2.317 0.0046
0.3125 P 6.672 3.336 0.0181
0.3641 2 8.262 4.131 0.0372
0.4242 2 9.253 4.626 0.0521
0.4941 2 10.07 5.036 0.0638
0.5757 2 10.66 5.329 0.0690
0.6707 2 10.47 5.237 0.0574
0.7813 2 10.04 5.022 0.0415
0.9103 2 8.838 4.419 0.0222
1.060 2 7.635 3.818 0.0099
1.235 2 6.424 3.212 0.0036
1.439 2 5.270 2.635 0.0011
1.677 2 4.147 2.074 0.0002
1.953 2 3116 1.558 0.0000
2.276 2 2.310 1.155 0.0001
2.651 2 1.782  0.8909 0.0005
3.089 2 1205 0.6023 0.0010
3.598 2 1.384  0.6919 0.0030
4.192 2 1964 09820  0.0084
4.884 2 2.993 1.497 0.0204
5.690 2 4.512 2.256 0.0414
6.628 2 6.505 3.252 0.0751
7.722 2 9.026 4.513 0.1477
8.996 2 10.86 5.432 0.1543
10.48 2 11.32 5.660 0.1014
1221 2 10.31 5.153 0.0352
14.22 2 8.418 4.209 0.0035
16.57 2 6.319 3.159 0.0007
15.31 p 4.406 2.203 0.0038
22.49 2 2.851 1.426 0.0037
26.20 2 1691  0.8454 0.0021
30.53 2 0.8870  0.4435 0.0011
35.56 2 0.3710  0.1855 0.0005
41.43 2 0 Q Q
48.27 2 0 0 0
56.23 2 0 0 0
65.51 2 0 0 0
76.32 2 ¢ 0 0
88.91 2 0 Q Q
103.6 2 0 0 0
1207 2 Y 0 0
140.6 2 0 0 0
163.8 2 0 0 0
190.8 2 0 O ¢
222.3 2 Q 0 0
259.0 2 0 0 0
3017 2 0 0 0
3515 2 0 ¢ 0
409.4 2 0 0 0
Sample 1 64 100 1.562 3.673
Sample 2 64 100 1.563 3.697
ANOVA

Source of Variation 38 af M5 F Poualue  Fcri
Rows (within samples) 463.3 63 7.354 470.3  2.69E-67 1.518
Columns (between samples)  1.94E-11 1 1.94E-11 1.24E-09 1.000 3.993
Error 0.9852 63 0.0156

Total 464.3 127
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Anova: Two-Factor Without Replication for yeast concentration of 36.1% wet weight
using Rushton turbine at an agitation rate of 00 rpm at 14 °C

Time (s} Count Sum  Average  Variance

0 3 0.000 0.000 0.00E+00
10 3 0.743 0.248 1.04E-03
20 3 1.02 0.340 2.10E-04
30 3 1.03 0.343 2.77E-04
40 3 1.06 0.354 1.30E-05
50 3 1.06 0.354 5.03E-05
&0 3 111 0.371 6.63E-05
70 3 1.07 0.357 4.08E-04
80 3 1.06 0.352 8.63E-05
90 3 1.07 0.355 1.75E-04
100 3 1.05 0.350 5.30E-04
110 3 1,04 0.345 3.03E-05
120 3 1.08 0.358 1.08E-04
130 3 107 0.357 1.08E-04
140 3 112 0.374 240E-04
150 3 1.08 0.361 2.00E-04
160 3 1.07 0.356 1.60E-04
170 3 1.09 0.364 6,.30E-05
180 3 1.11 0.371 6.03E-05
190 3 1.10 0.366 1.30E-05
200 3 1.08 0.360 1.90E-04
210 3 1.06 0.352 8.33E-06
220 3 1.07 0.358 5.77E-04
230 3 1.05 0.348 2.58E-04
240 3 1.10 0.367 3.67E04
250 3 106 0.354 3.63E-05
260 3 1.05 0.349 8.63E-05
270 3 1.03 0.345 1.70E-04
280 3 1.07 0.358 7.63E-05
290 3 1.05 0.350 4.60E-04
300 3 1.00 0.334 4.20E-04
310 3 1.06 0.354 5.03E-05
320 3 1.00 0.332 2.58E-04
330 3 1.06 0.353 8.63E-05
340 3 1.02 0.340 3.03E-05
350 3 1.03 0.343 8.63E-05
360 3 1.00 0.334 6.20E-04
370 3 1.01 0.335 1.46E-03
380 3 1.05 0.348 5.83E-05
390 3 1.05 0.351 3.50E-04
400 3 1.01 0.337 3.58E-04
410 3 1.01 0.338 1.56E-04
420 3 1.06 0.353 6.33E-06
430 3 1.04 0.347 7.63E-05
440 3 1.02 0.338 8.33E-06
450 3 1.09 0.364 9.30E-05
460 3 1.06 0.352 3.07E-04
470 3 1.04 0.347 2.96E-04
480 3 1.00 0.334 2.83E-04
490 3 1.02 0.341 2.40E-04
500 3 0.98 0.328 3.16E-04
510 3 1.03 0.342 2.58E-04
520 3 0.98 0327 6.70E-05
530 3 1.02 0.340 8.03E-05
540 3 1.03 0.344 6.30E-05
550 3 1.06 0.353 1.28E-03
560 3 1.05 0.351 6.30E-04
570 3 1.03 0.342 2.77E-04
580 3 1.00 0.333 1.06E-03
590 3 1.04 0.347 2.58E-04
600 3 L 0.371 8.63E-05
Sample 1 61 21.0 0.344 2.51E-03
Sample 2 61 20.8 0.341 2.42E-03
Sample 3 61 20.8 0.342 2.41E-03
ANQOVA

Source of Variation 58 df MS F Pevalue Ferit
Rows (Time profile) 0.4094 60 0.0068 26.4 2.00E-47 1.43
Columas (berween samples) 0.0004 2 0.0002 0.744 0.477 3.07
Error 0.0310 120 0.0003

Total 0.4408 182




Anova: Two-Factor With Replication for mixing experiments with and without a nitrogen blanket for
yeast concentration of 39.0% wet weight using Rushton turbine at an agitation rate of 400 rpm & 14°C

C6-1

SUMMARY
Nitrogen blanket Open to atmosphere Total
Sample 1
Count 61 61 122
Sum 22.6 239 46.4
Average 0.3700 0.3911 0.3806
Variance 0.0047 0.0052 0.0050
Sample 2
Count 61 61 122
Sum 239 233 47.2
Average 0.3920 0.3823 0.3871
Variance 0.0044 0.0052 0.0048
Sample 3
Count 61 61 122
Sum 23.3 245 47.8
Average 0.3825 0.4016 0.3920
Variance 0.0048 0.0061 0.0055
Total
Count 183 183
Sum 69.8 717
Average 0.3815 0.3917
Variance 0.0047 0.0055
ANGVA
Sowrce of Variation 58 df MS F P-yalue Forit
Sample (replicates) 0.0081 2 0.0040 0.799 0.4507 3.02
Columns (blanket) 0.0096 1 0.0096 189  0.1704 3.87
Interaction (replicates/blanket) 0.0182 2 0.0091 1.79 0.1678 3.02
Within 1.82 360 0.0051
Total 1.86 365




APPENDIX D: YEAST HISTORY



Date Generation No. Consistency Storage time pH | Viability @ beginning

Wet weight (%) (h) (%)
17/10/01 4 62.2 1 5.4 96.2
18/10/01 2 62.0 1 5.4 95.7
23/10/01 2 62.0 1 5.4 95.7
24/10/01 2 62.0 24 5.4 96.6
30/10/01 2 62.0 2 3.4 96.6
18/02/02 2 62.0 1 5.4 98.1
20/02/02 2 60.0 2 5.4 97.9
09/05/02 1 60.0 2 5.4 95.0
24/05/02 3 62.0 4 5.4 95.0
24/07/02 1 64.0 1 5.4 95.0
17/09/02 4 59.6 2 5.5 95.0
08/10/02 4 38.0 1 5.3 95.0
17/10/02 2 63.6 1 52 95.0
05/12/02 3 63.9 3 5.4 93.8
12/12/02 3 62.6 1 54 96.2
22/01/03 1 60.7 1 5.4 94.2
29/01/03 4 41.8 4 5.4 97.2
12/02/03 2 63.1 1 5.4 95.6
19/02/03 2 55.0 4 5.4 96.3
06/03/03 4 46.1 1 5.4 94.4
19/05/03 4 67.0 2 5.4 97.7
22/05/03 7 58.4 3 5.2 97.6
26/05/03 4 51.8 2 5.4 97.0
29/05/03 4 331 2 5.4 97.2
09/06/03 2 57.0 1 5.4 96.5
13/06/03 5 54.0 2 5.5 97.4
17/06/03 2 60.3 1 5.4 95.6
19/06/03 5 60.0 4 5.4 95.0
03/07/03 2 78.4 1 5.4 95.6
31/07/03 4 61.2 2 5.4 92.3
01/08/03 4 60.9 2 5.4 96.9
05/08/03 4 54.4 1 5.4 96.2
06/08/03 0 65.1 3 5.4 97.6
07/08/03 4 59.1 1 5.4 98.1
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APPENDIX E: CALIBRATION OF INSTRUMENTS



Calibration of Instruments

E-1

E.1 DENSITOMETER

Set “Display Select” to T

Set “Sampling Rate” to 2

Measure T H,O after 15 minutes

Rinse U-tube with alcohol

Dry with pump

Switch off pump

Read T air at 20°C

Calculate constants A and B using Equations E1 and E2
. Programme Densitometer with constants A and B

10 Check constants A and B using “Display Select” in Q
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Calibration of Instruments E-2

E.2 CONDUCTIVITY METER

The conductivity of samples of 0.001, 0.01,0.1 and IM KCl at 0, 18 and 25°C were obtained
from literature (Lide and Frederikse, Shugar and Dean, 1990) and this was compared with
those obtained from literature. These measurements were done in triplicates and the average,
standard deviation and coefficient of variance were calculated. The coefficients of variance at
the lower concentrations (0.001 and 0.01M KCl) were about a 10® of those obtained at the
higher concentration range (Table E1).

Table E1: Calibration data for conductivity meter

0.001M KClI
‘Temperature Conductivity (1,5/cm) Coefficient of variance
(°C) Theory| Sample1 | Sample2 | Sample3 | Average Stdev (%)
8] 75.0 82.0 84.0 83.8 83.3 1.1 1.3
18 127.0 156.1 128.6 131.1 138.6 15.2 11.0
25 147.0 180.3 149.3 154.9 161.5 16.5 10.2
0.01M KCI
Temperature Conductivity (;;S/cm) | Coefficient of variance
(°C) Theory| Sample1 | Sample 2 | Sample3 | Average | Stdev (%)
0 773 760 730 770 753 21 2.8
18 1220 1349 1194 1209 1251 85 6.8
25 1408 1558 1375 1390 1441 102 7.1
0.1M KClI
Temperature Conductivicy (mS/cm) Coefficient of variance
(°Q) Theory | Sample 1 | Sample 2 | Sample3 | Average Stdev (%)
0 7.13 6.99 7.04 6.93 6.99 0.06 0.8
18 11.16 10.86 10.96 10.81 10.88 0.08 0.7
25 12.85 12.52 12.64 12.40 12,52 0.12 1.0
1M
Temperature Conductivity (mS/cm) Coefficient of variance
(°C) Theory| Sample 1 | Sample 2 | Sample3 | Average Stdev (%)
0] 65.1 63.0 62.9 63.1 63.0 0.1 0.2
18 97.8 96.5 95.2 94.7 95.5 0.9 1.0
25 111.3 111.3 107.0 107.5 108.6 2.4 2.2






